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AN INVESTIGATION OF FAST-REACTOR FUEL TESTING 
IN THE ENGINEERING TEST REACTOR (ETR) 

by 

J, C. Car ter 

ABSTRACT 

This is a report on prel iminary work done in connec
tion with the proposal to investigate possible mechanisms for 
failure propagation in assemblies of fas t - reactor fuel e le
ments . The fas t - reactor environment is approximated by 
placing the assembly of fuel elements , surrounding by a neu
tron filter, in the experimental thermal reactor of the Idaho 
Nuclear Corporation. 

The aspects of the work that are reported on are 
(l) the effect of the number of fuel elements in an assembly 
upon power densities, and (2) the effect of varying enrich
ment upon power distribution over any cross section of the 
assembly. The means of minimizing the power variation over 
the cross section of individual fuel elements and the charac
te r i s t i c s and location of the neutron filter that surrounds the 
assembly are investigated. 

The self-sufficient loop containing the assemblies 
will be placed in the J-13 space of the ETR. This loop con
tains a sodium pump and heat exchanger capable of removing 
1.4 kW of heat from the 19 fuel elements. 

Some safety aspects of the fuel-element assembly and 
filter a re discussed, and the conditions at test shutdown are 
estimated. 

This prel iminary work indicates that there are no 
major technical problems in the design and testing of a s s e m 
blies of fas t - reac tor fuel elements in the ETR and that the 
supporting facilities for the loop are adequate. 

I. INTRODUCTION 

This is a report of work done prel iminary to the design and testing 
of assembl ies of fas t - reac tor fuel elements for the Fuel Element Fai lure 
Propagation P rog ram of the Metallurgy Division of Argonne National 
Laboratory. 
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c 4.1, ^...^rr^am is to determine if any The long-term obiective of the program is to "= . ' 
s t r u c t u r ' a l ^ i d ^ I t ^ r i a l faults or abnormal ° P e - ^ i ^ ^ ^ ^ ° ; - ^ " ^ : ^ s 
can result in a loss of structural integrity P ^ ° g ' ^ « ; ^ 7 [ f ""^/^^sms and/or 
to subassemblies, to core, to reactor -^^'-^-^^^^l ^f ll^^lf^l^.teJo-
feedbacks exist or can be designed that may limit the progressive 

ration once it is started. 

The immediate objective of the program is to determine if a fast-
reactor environment can be simulated in a sufficiently large assembly of 
fast-reactor fuel elements, to the extent that useful information can be 
obtained on the phenomena of fuel-failure propagation from element to 
element to subassembly. 

It is the intention to deliberately introduce s tructural and mate r i a l 
imperfections into the fuel elements and to vary their heating and cooling 
rates, in a search for those imperfections and operating conditions that 
can initiate an undamped abnormal operating phenomenon. If an undamped 
abnormal phenomenon can exist, it is of interest to know how far it propa
gates throughout the test assembly and with what resul t s . 

The assembly of fast reactor fuel elements is contained in a sealed 
loop, which is within a source of fast neutrons. The test fuel elements are 
similar to those currently being prepared for large U02-fueled fast r eac tors . 
The maximum number of elements in an assembly is limited to 37 neutronic, 
thermodynamic, and structural conditions. 

The length of the fast-reactor fuel elements and the space available 
for handling the test loops precludes the use of any existing fas t - reac tor 
facility unless the reactors and the test loop are modified extensively. 
Since no fast reactor is capable of accommodating the assembly of fuel 
elements in question, a filter and a thermal reactor a re used. The a l t e r 
native of surrounding the assembly of fas t - reactor fuel elements by a 
thermal-neutron filter and/or a converter and placing this assembly in a 
thermal reactor becomes a question of which available the rmal reactor 
meets the neutronic specifications requiring the least engineering revision. 

The thermal reactor, first of all, must be capable of producing the 
required heating conditions in the fas t - reactor fuel. In addition, the test 
loop, the handling facilities, the space available for the loop, the ability to 
provide instrumentation, and the hot-cell facilities for disassembling the 
loops are evaluated and compared in selecting the reactor . The selection 
of the reactor is based on what is considered to be the best combination 
of available facilities. 

Since many kinds of reactors might conceivably be used for the tes ts 
m this program, the suitability of existing fast and thermal reactors in the 
USA was surveyed, and their character is t ics are tabulated in Appendix A. 
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The mater ia ls - tes t ing reactors appear to be the best suited for the experi
ments of this program. A few of those listed in Appendix B meet most of 
the cr i ter ia for reactor selection. These are listed in Table I. Others 
have sufficient power density in the core, but do not currently have the 
availability or handling facilities required for the program, and also will 
require extensive modifications to make them suitable. 

TABLE I. Suitable Reactors for the Test Program 

Reactor 

A T R 

E T R 

GETR 

HFIR 

M T R 

Avg Power 

F u e l , 
kW/kg "^U 

8,500 

7,600 

6,200^ 

10.640 

9,000 

Dens i ty 

C o r e , 
k W / l i t e r 

6 7 0 

4 9 4 

625^ 

2,000 

4 0 0 

A 

C o r e 
cti ' 

T e s t 

Length, 
ft 

4 

3 

3 

2 

Hole 

Sect ion, 
i n . 

5.25 d i a m 

6 x 6 

3 x 3 

3 x 3 

in T e s t Hole , 
n v 

T h e r m a l , > 1 0 ' ^ 
F a s t , 1.5 X 1 0 " 

T h e r m a l , 4 x l O " ; 
F a s t , 2.5 X 1 0 " 

T h e r m a l , 2 x l O " ; 
F a s t , 5 X 1 0 " 

T h e r m a l , 5 x l O " ; 

200 

Fast, 5 x 10" 

Thermal, 3 x lO' 

^Estimate for 50-MW operation. 

The research reactors of the pool type generally have very low 
power. An analysis of the Babcock and Wilcojc Test Reactor (BAWTR), 
which has one of the highest fluxes available in a pool reactor, is included 
to show some of the problems encountered with this kind of facility. Most 
of the power demonstration reactors listed in Appendix A are shut down or 
dismantled. An operating reactor should be used because of the high costs 
of new ones, reactivation, and semicontinuous operation. Transient reac tors , 
such as the Transient Reactor Test Facility (TREAT), Power Burst Facility 
(PBF) represent another class in which some experiments may be conducted. 

From the survey of existing reactors that may be available, the 
Engineering Test Reactor (ETR) is considered to be the most suitable for 
conducting fuel-failure propagation tests on assemblies of fas t - reactor fuel 
elements from the standpoint of high flux, loop handling facilities, licensing, 
and sodium/water safety assessment . 

Up to 37 pins in a suitable package loop can be physically accommo
dated in this reactor without modifying the core. Some difficulty with sched
uling and availability may be encountered, but these problems are expected 
to be slight. Since the coolant diverger and many experiment hangers a re 
located above the core, installing the test loop may be somewhat awkward 
However, proper design should be able to circumvent this problem. 



• th E T R a loop wi th a t h e r m a l 
It is t h e o r e t i c a l l y p o s s i b l e to i n s t a l l m tne ^^ ^^^^^ wi thout s e r i o u s 

neu t ron f i l ter and obtain the d e s i r e d h e a t - g e n e r a ^ .^^^ .^ ^^^^ high, 
flux d e p r e s s i o n s . The to ta l t e s t - r e a c t o r power ^^'J.^.^^^.^^. ^ ^ , a l a r g e 
r e su l t i ng in high opera t ing cos t s and low ^^^^J"^^ f a s t - r e a c t o r fuel t e s t , 
por t ion of the t e s t r e a c t o r m a y be t ied up wi t h e r m a l n e u t r o n s 

The bas i c r e a s o n for this i s that the f i l ter r e m o v e ^he th^e ^^ ^^^^ ^ 

whose product ion has been opt imized m the ^^^" the E T R r u n n e a r 
s a t i s f ac to ry fast flux in the t e s t - g i o n r e q u i r e s that the I, ^ ^ ^ ^ ^ ^ 
full power dur ing the t e s t . F o r m o s t of the con templa t ed exp 
b e a t ^ g e n e r a t i o n L t e of at l e a s t 2000 ^ A ^ ^ J ^ ^ f ^ ^ ^ . t r a s - r e a c t o r T u e l 
o ther t e s t loops or capsu les m the c o r e at the t i m e tbe 'j" 
t e s t loop is to be placed in the r e a c t o r affect the n u c l e a r cond i t i ons p r e 
va ling on the fuel - fa i lure p ropaga t ion loop. The t e s t i n g p r o g r a m for the 
E T R should be known at l eas t six months in advance so the loop c a n be 
adjusted. 

F o u r p a r a m e t e r s can be man ipu la t ed to c o n t r o l t he h e a t - g e n e r a t i o n 
r a t e in the fuel e l emen t s . They a r e (1) the d e s i g n of the f i l t e r a n d / o r 
conve r t e r , (2) the loading of the E T R c o r e , (3) the e n r i c h m e n t of t he fuel 
to i n c r e a s e f iss ion in the fuel and to c o n t r o l the flux d e p r e s s i o n , and 
(4) the power of the ETR. 

Cur r en t o r d e r - o f - m a g n i t u d e e s t i m a t e s b a s e d on i n f o r m a t i o n 
furnished by the loop d e s i g n e r s and the r e a c t o r o p e r a t o r s i n d i c a t e tha t 
the ETR can t h e o r e t i c a l l y s i m u l a t e the t h e r m a l cond i t i ons d e s i r e d in the 
f a s t - r e a c t o r fuel e l emen t s of th i s t e s t loop. 

The posi t ion s e l ec t ed is the 6- x 6- in . J - 1 3 ho l e , for w h i c h the 
following a r e e s t ima t ed : 

T h e r m a l flux 3 . 5 t o 4 x l 0 ' * 

F a s t flux 2 to 2.5 x lO'* 

E p i t h e r m a l flux 4 x lO'* 

Cadmium r a t i o 8 

The r e q u i r e d e p i t h e r m a l flux e s t i m a t e d for t he fuel e l e m e n t s i s on 
the o r d e r of lO'^. 

II. DESIGN CRITERIA F O R F A S T - R E A C T O R F U E L TESTING 

A. Des ign C r i t e r i a for T e s t Loop 

The function of the t e s t loop i s p rov id ing , in conjunct ion wi th an 
ETR, a n u c l e a r and t h e r m o d y n a m i c e n v i r o n m e n t s i m i l a r to tha t w h i c h 
exis ts wi th in the c o r e of a f a s t r e a c t o r . 
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The fuel e l e m e n t s and coolan t in the t e s t loop have no d i r e c t c o n n e c 
t ion to the r e a c t o r s y s t e m . The fuel e l e m e n t s have n u c l e a r coupl ing by v i r t u e 
of the fact t ha t the f i l t e r and con ta in ing s h e l l s u r r o u n d i n g the a s s e m b l y of 
fuel e l e m e n t s p e r m i t the p a s s a g e of e p i t h e r m a l n e u t r o n s . The hea t f r o m 
the fuel e l e m e n t s i s r e m o v e d by a s o d i u m - c i r c u l a t i o n s y s t e m i n t e g r a l wi th 
the t e s t loop and having no coupl ing to the r e a c t o r or any of i t s a u x i l i a r i e s . 
F i g u r e 1 i s a s c h e m a t i c d r a w i n g of the loop and the r e a c t o r . The loop is 
in the f o r m of a c l o s e d c i r c u i t a r o u n d which s o d i u m is c i r c u l a t e d . The loop 

113-2820 Rev. 1 

Fig. 1. Schematic Sketch of Test Loop in ETR 
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1 so the longi tudinal midpoint of the ^ - ^ ^ ^ ^ - ^ ^ y - ^ / ^ ^ e \lZ '^ 
lint of the co re sec t ion of the r e a c t o r , i n e leng 

is pos i t ioned 
at the midpoint 
e l emen t i s equal to the length of the core 

The p r i n c i p a l c r i t e r i a a r e : 

1. The wal ls of the loop mus t be capable of conta in ing the m a x i -
m u m p r e s s u r e that can occur within the loop. The m a x i m u m p r e s s u r e t h a t 
can conceivably occur wil l be de t e rmined by o u t - o f - r e a c t o r e x p e r i m e n t s . 

2. The sec t ion of the loop containing the a s s e m b l y of fuel e l e m e n t s 
mus t be able to fit into the tes t hole of the r e a c t o r . 

3. The sodium pump, heat e x c h a n g e r s , and a u x i l i a r i e s m u s t be an 
i n t e g r a l p a r t of the loop and located above the r e a c t o r . 

4. The in t eg ra l loop mus t be des igned so tha t it can be m o v e d in 
and out of the r e a c t o r with a m i n i m u m of coupling and decoup l ing of 
coolant and i n s t rumen t l ines . 

5. Since the sodium coolant wil l b e c o m e a c t i v a t e d , the loop m u s t 
have adequate shielding. 

6. The loop must be i n s t r u m e n t e d so tha t i n f o r m a t i o n ob ta ined 
will be c o m m e n s u r a t e with the need for it and wi th t he effor t expended in 
obtaining it. This in s t rumen ta t ion wil l be p r e s e n t e d in d e t a i l in s u b s e q u e n t 
design r e p o r t s by Idaho Nuclear Co rpo ra t i on . 

B. C r i t e r i a for Tes t F a c i l i t i e s 

The m o s t impor t an t component of the t e s t f a c i l i t i e s i s t he r e a c t o r . 

The c r i t e r i a for se lec t ing a r e a c t o r and i t s a u x i l i a r y f a c i l i t i e s a r e 
as follows: the r e a c t o r faci l i ty m u s t ( l ) have an e p i t h e r m a l flux g r e a t e r 
than 10 nv at the longi tudinal midpo in t of t he t e s t l oca t ion ; (2) have a 
ve r t i ca l i n - c o r e t e s t space l a r g e r than 2 1 in. in d i a m e t e r and 24 in. long; 
3J have enough c l ea r space above and below the c o r e t o i n s t a U the t e s t 
oop; (4) have the n e c e s s a r y ava i l ab i l i t y for the s c h e d u l i n g of e x p e r i m e n t s ; 

(5) have a r ea sonab le o p e r a t i o n a l cos t ; (6) h a v e s p a c e and f a c i l i t i e s for 
e s sen t i a l i n s t rumen ta t ion ; (7) have a d e q u a t e r a d i a t i o n s h i e l d i n g ; (8) have 
adequate safegrounds aga ins t a s o d i u m w a t e r a c c i d e n t ; and (9) have 
l icensing and approva l p r o b l e m s capab l e of be ing so lved in a r e a s o n a b l e 
t ime. 
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Specifically, the reactor facility must meet the following 
requirements : 

1. Producing heat generation in the fissionable mater ia l of the 
assembly of fuel elements at the rate of at least 2000 W/cc of fuel. The 
fuel may be any isotopic combination of plutonium and uranium oxide. The 
first fuel will be UO2. 

2. Pumping 500°C sodium in a longitudinal direction through an 
assembly of 19 fuel elements at the rate of 30 f t /sec . 

3. Removing at least 1500 kW of heat from this sodium. 

4. Providing a test hole longitudinally through the reactor of at 
least 2-2 in. in diameter . 

5. Physically moving the integral test loop in and out of the 
reactor and to the hot cell with ease and safety. 

6. Providing adequate space and facilities for instrumenting, 
measuring, and recording the performance of the test specimen while it is 
within the reactor . 

The reac tors that meet most of these requirements are discussed 
in Appendix B. 

C. The Fuel Elements 

Table V (later) lists the dimensions and volumes of the fuel elements 
that will be in the first test. The relative isotropic content can vary with 
each test up to 93% ^^^U. For later tes ts in the program, some of the 
uranium may be replaced by plutonium. The actual amount of PUO2 used 
will depend on the prevailing design of fuel elements for a Liquid Metal 
Fast Breeder Reactor (LMFBR) at that t ime. The high-density pelletized 
UO2 is stacked to give an active length of 91.4 cm. This total length could 
be cut down to match the active length of any test reactor , but 91,4 cm is 
a more desirable length, since it matches the proposed core length of an 
LMFBR and of the ETR. The UO2 will be canned in Type 304 stainless 
s teel with 0.635-cm outer diameter and 0.039-cm wall thickness. The 
fuel-pellet diameter will be sized to give an 85% smear density. Each fuel 
element will have a gas plenum, and the overall length will be 137 cm, 

III. DESCRIPTION OF THE TEST LOOP AND ITS TEST SECTION 

A. The Test Loop 

The design and fabrication of the test loop are the responsibili ty of 
the Idaho Nuclear Corporation. A detailed description (with drawings) is 
contained in report A N L / M E T - O S , " 
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B. The Tes t Section 

of the Idaho Nuclear Corpora t ion and the Metal lurgy 
This des ign is in the p r e l i m i n a r y s tage . 

The bas ic concept of the - - ^ - - ; - i : r c h 1 h T s^oTum^fYows long i -
cy l ind r i ca l f a s t - r e a c t o r fuel -''^"^^^'^JXT^onl^ntric r e g i o n s of s o d i u m , 
tudinal ly . This a s s e m b l y is - " ° - ^ ^ ^ ; ^ ^ 7 3 = : : r f i l t e r , and p r e s s u r e s h e l l . 

(F igure 2 is a s c h e m a t i c s k e t c h of t he 
t e s t sec t ion , ) 

The fuel e l e m e n t s a r e a r r a n g e d 
on a t r i a n g u l a r l a t t i c e wi th a 0 , 8 6 4 - c m 
pi tch. This p i tch g ives a 0 , 2 2 8 - c m 
m i n i m u m flow annulus b e t w e e n the fuel 
e l e m e n t s . This annu lus is a l i t t l e 
l a r g e r than tha t of the F a s t F l u x T e s t 
Fac i l i t y ( F F T F ) ( 0 . 1 6 c m ) and on the 
s m a l l s ide of the lOOO-MWe L M F B R 
des igns (0 ,228-0 .318 c m ) . With t h e s e 
spec i f i ca t ions , the i n n e r d i a m e t e r of 
the t e s t s ec t i on is 1,110 in, A s h r o u d 

around the seven pins d i r ec t s the sod ium flow and p r o v i d e s the coolan t 
channel. This shroud is made up of two 0 , 0 7 6 - c m - t h i c k c o n c e n t r i c t u b e s , 
s epa ra t ed by a 0 ,076-cm gas gap to ac t as a hea t b a r r i e r in o r d e r not to 
cool the wall of the inner tube. Next i s t he in le t s o d i u m a n n u l u s , w h i c h is 
bounded on the outside by the p r i m a r y p r e s s u r e v e s s e l , r a t e d at 1500 p s i . 
This h i g h - p r e s s u r e ra t ing is d e s i r a b l e in the l ight of r e c e n t T R E A T e x p e r i 
ments in the Mark - I loop. 

The ave rage power gene ra t i on in th i s t e s t s e c t i o n is 20 kW/f t of 
fuel e lement . F o r a 19 - fue l - e l emen t , 9 1 , 4 - c m - l o n g bund le , the t o t a l power 
output is 1140 kW s teady s t a t e . One s e r i e s of t e s t s t o b e m a d e in t h i s loop 
may involve i n c r e a s i n g the power on a r a m p to a m a x i m u m of 40 k w / f t of 
fuel e lement or 2280 kW to ta l . The s o d i u m ve loc i t y of 610 c m / s e c r e q u i r e s 
about 52 ps i head f rom the pump; a l lowing 42 p s i for the i n - c o r e p o r t i o n of 
the loop, and 10 ps i for the r e m a i n d e r . A h e l i c a l i n d u c t i o n p u m p having a 
shutoff p r e s s u r e of -185 ps i is u sed . 

C. Loop Size for Other N u m b e r s of F u e l E l e m e n t s 

Fig. 2. Schematic Sketch of Test Section 

F o r t e s t s involving fewer than 19 fuel e l e m e n t s , the m o s t e c o n o m i c a l 
solution would be to u s e the 1 9 - f u e l - e l e m e n t s e c t i o n wi th d u m m y fuel e l e 
ments in the excess vo lume . This would r e s u l t in u s ing only one loop 
design and the s a m e pump and would p r o v i d e flow channe l s of the p r o p e r 
shape to mainta in flow s i m u l a t i o n . 
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Although most of the tes ts a re to be made with 19 fuel elements, a 
larger number of fuel elements may be required in the later stages of the 
test program. 

Some descriptive numbers pertaining to a prel iminary concept of 
the test loop and test section are tabulated in Table II. 

TABLE II. Descriptive Numbers for the Loop and Its Test Section 

Dimensions of Loop 
Length 
Outside diameters 

In-core section 
Heat-exchanger section 
Pump and motor section 

Weight of loop 

Test Section 
Number of fuel elements 
Length of fuel elements 
Diameter of fuel elements 
Pitch of fuel elements 

Dimensions of Fi l ter 
Length 
Inside diameter 
Outside diameter 

Loop Operating Conditions 
Heat removed through heat exchanger 
Sodium flowrate 
Maximum total pump p res su re 
Sodium tempera ture 

Entering 
Leaving 

Materials of Construction 
Liquid-metal containment vessel 
Helium containment vessel 
Secondary-coolant containment vessel 
Water jacket 
Thermal-neutron filter 

Utility Requirements 
In-pile loop operations 

Elec t r ica l 

Instrument air 
Helium 

810 cm 

12 cm 
24 cm 
30 cm 
5000 kg 

19 
91.4 cm 
0.620 cm 
0.865 cm 

91.4 cm 
6.0 cm 
7.3 cm 

1400 k W 
100 gpm 
700 g/cm^ 

500°C 
650°C 

Type 316 stainless steel 
Type 316 stainless steel 
Type 316 stainless steel 
Aluminum 
Boron steel 2 wt % 

480-V, 3-phase, 50-A, 
60-cycle 

100 psig 
5800 cfm at 600 psig 
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TABLE II (Contd.) 

Utili ty R e q u i r e m e n t s (Contd.) 
Ho t - ce l l opera t ion 

E l e c t r i c a l 

I n s t rumen t a i r 
Clean p r o c e s s a i r 
P r o c e s s wa te r 
Hel ium 
Hot liquid waste d i sposa l 

Crane Requ i r emen t s 
Above r e a c t o r v e s s e l 

Capacity 
Headroom 
Hook t r a v e l 

Above canal 
Capaci ty 
Headroom 
Hook t r a v e l 

In ho t - ce l l a r e a 
Capacity 
Headroom 
Hook t r a v e l 

480-V, 3 - p h a s e , 50 -A , 
6 0 - c y c l e 

100 ps ig 
800 cfm @ 5 in. w a t e r 
Negl ig ib le 
2 c y l i n d e r s p e r w e e k 
50 g a l / m o n t h 

40 and 2 tons 
30 ft 
30 

2 t 
30 
50 

40 
30 
30 

ft 

ons 
ft 
ft 

tons 
ft 
ft 

IV. DESCRIPTION O F E T R 

The ETR is des igned to p e r f o r m e n g i n e e r i n g t e s t s on fuel e l e m e n t s and 
components of n u c l e a r p l a n t s . To m a k e t h e s e t e s t s u n d e r cond i t i ons s i m u 
lating the ac tua l p r o p o s e d app l i ca t ion , the fol lowing r e q u i r e m e n t s m u s t be 
met : (1) The r e a c t o r g e n e r a t e s v e r y h igh t h e r m a l and fas t f lux in t he c o r e 
tes t ho les ; (2) t h e s e ho les in the c o r e (high flux zone) r a n g e in s i z e f r o m 
3 X 3 X 36 in. to 9 X 9 X 36 in. ; (3) t h e r e i s r e a s o n a b l e u n i f o r m flux f r o m 
top to bot tom of the c o r e ; and (4) t he r e a c t o r i s d e s i g n e d to con ta in c l o s e d -
loop-type fac i l i t ies for c i r c u l a t i n g any fluid coo lan t , i nc lud ing l iquid m e t a l . 

The above r e q u i r e m e n t s r e s u l t in a r e a c t o r in which a l l e x p e r i 
menta l fac i l i t ies a r e v e r t i c a l and a r e i n s i d e t he r e a c t o r v e s s e l . The 
r e a c t o r c o n t r o l - r o d d r i v e s a r e m o u n t e d be low the r e a c t o r b o t t o m head , 
where they a r e l e a s t affected by the e x p e r i m e n t a l f a c i l i t i e s . T h i s a r r a n g e 
ment is used b e c a u s e the u p p e r v e s s e l a r e a i s too c o n g e s t e d w i t h 
expe r imen ta l - f ac i l i t y t u b e s , h a n g e r s , and o the r a s s o c i a t e d e q u i p m e n t 
to p e r m i t the u s e of c o n t r o l d r i v e s ex tend ing downward f r o m the top head . 
Because of the l a r g e c l e a r h e i g h t n e e d e d to r e m o v e e x p e r i m e n t a l a p p a r a t u s , 
the v e s s e l top was e s t a b l i s h e d n e a r f loor l eve l . The dep th of the v e s s e l , the 
posit ion of the c o r e , and the b i o l o g i c a l sh ie ld , a r e d e t e r m i n e d by a l l o w a b l e 
radiat ion and b i o l o g i c a l c o n s i d e r a t i o n s . 
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The ETR facility is a complete nuclear-engineering test facility. 
The design pa ramete r s and general data are given in Table III,'' The reactor 
is light-water cooled and moderated and has a thermal rating of 175 MW, 
It is housed in a 112- by 136-ft gastight building, extending 58 ft above and 
38 ft below grade. The reactor vessel consists of the multidiameter vessel 
proper, a removable elliptical dome (with flat top flange), a flat bottom head, 
a discharge chute, an inlet-water flow distr ibutor, experimental hanger 
supports, experimental access nozzles, and the process-water inlet- and 
outlet-line connections. The vessel contains the reactor core and provides 
radiation space and facilities to accommodate the in-pile tubes to be used 
for nuclear-radiat ion experiments. Facil i t ies also a re provided for con
trol rods, instrumentation, shielding of the vessel walls, directing coolant 
flow through the core , and support of all internal s t ructure . Design p r e s 
sures and tempera tures of the stainless steel-clad carbon steel and stainless 
steel reactor vessel are 250 psig and 200°F. Operating p ressu res and tem
peratures a re 200 psig and 110°F at the inlet and 150 psig and 133.5°F at 
the outlet. 

TABLE III, ETR Design Pa rame te r s and General Data* 

General 

Type Thermal heterogeneous 

Location National Reactor 
Testing Station, Idaho 

Purpose Materials testing 

Status Went cri t ical Sept 1957 
and has operated at full 
power approx 50% of the 
time since 

Total reactor power 175 MWt 

Thermal-neutron flux 1,6-5 x 10 n/cm^-sec 

Epithermal-neutron flux 5-15 x 10 n /cm -sec 

Fuel Uranium-93% "^U 

Amount of '̂̂ U in core 23 kg 

Core height, active 91,44 cm 

Average specific power 7600 kW/kg U 

Power density 494 kw/ l i t e r of core 

Metal- to-water ratio 0,67 

Poison contents, natural boron 150 g 
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TABLE III (Contd,) 

C o r e f i l ler p ieces (corner 

f i l ler p ieces ) 

A l u m i n u m - r e f l e c t o r th ickness 

Fuel A s s e m b l i e s 

Number in co re 

Length of a s s e m b l y 

Size of a s s e m b l y (approx) 

Fuel pla tes per a s s e m b l y 

Thickness of fuel plate 

Length of fuel plate 

Spacing between fuel p la tes 

Thickness of Al cladding 

Thickness of U-Al-B Alloy 

Core life before refueling 

Ver t i ca l m a x / a v g power r a t i o 
in fuel 

Hor izonta l m a x / a v g power 
ra t io in fuel 

Core m a x / a v g power r a t i o 
in fuel 

Initial excess r eac t iv i ty 

Con t ro l - rod wor th 

Black, total 

Shim, each 

P r e s s u r e at r e a c t o r tank in le t 

7,71 cm 

Design 
Jan 1963 

Des ign 
( p r e s e n t ) 

49 
52 

137,32 c m 

7,62 X 7.62 

19 

0.127 c m 

93.98 c m 

0.119 in. in 
c h a n n e l s 
0.115 in. in 
0,105 in, in 
c h a n n e l s 

0.015 in. 

0.020 in. 

3500 MWd 
5000 MWd 

c m 

4 o u t e r 

2 c h a n n e l 
1 2 i n n e r 

1.4 

1.7 

2.4 

Des ign 
( p r e s e n t ) 

Des ign 
( p r e s e n t ) 

8 to 11% 

14.4% 
6% 

1% 
0.4 to 4% 

200 ps ig 
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Core p re s su re drop 

Coolant inlet temperature 
at reactor 

Coolant outlet temperature 

Number of flow passes 
through reactor 

Total coolant flow 

Flow in fuel assemblies 

Flow in control rods 

Flow in reactor 

Heat-transfer area (core) 

Start of cycle 

End of cycle 

Average heat flux in fuel 
elements 

Maximum heat flux 
(hot-spot factor 2.5) 

Burnout heat flux 

Maximum allowable fuel 
element surface tempera ture 

Core and Reflectors 

Fuel-assembly ar ray 

Core lattice spacing: 
east-west , north-south 

Black rods in core 

Gray rods in core 

Beryllium reflector geometry 

Inside dimensions 

Thickness 

Height 

Design 
(present) 

Design 
Jan 1963 

Design 

40 psig 
43 psig 

110°F 

138°F 
133°F 

Des ign 
( p r e s e n t ) 

Des ign 
( p r e s e n t ) 

» 

Design 
( p r e s e n t ) 

44,400 g p m 
51,000 gpm 

29,700 gpm 

6100 g p m 

13,200 g p m 

1350 ft^ 

1439 ft^ 

0,453 X 10* B t u / h r - f t ' 

1,15 X lO*" B t u / h r - f t ^ 
1,7 X lO ' B t u / h r - f t ^ 

3,8 X 10^ B t u / h r - f t ^ 

280°F 
400°F 

10 X 10 

3,040 in, 

4 

10 

30.4 X 30,4 in. 

4,5 in, 

37.5 in. 
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TABLE III (Contd, 

Regulat ing rods in re f lec tor 

Major expe r imen ta l faci l i t ies 
in co re 

Major expe r imen ta l faci l i t ies 
in re f lec tor 

Contro l Rods 

Type 

Safety 

Shim 

Number of fuel plates per rod 

Grams of "^V per fuel 
follower a s sembly 

Reactor Vesse l 

Total height of ves se l 

Inside d iamete r of upper 
cylinder wall 

Inside d iamete r of lower 
cylinder wall 

Mate r i a l 

Thickness of upper 
cylinder wall 

Thickness of louver 
cylinder wal l 

Opening in e l l ipsoida l head 

Opening in bot tom head 

Thickness of bot tom head 

Thickness of top flange 

Size of w a t e r - i n l e t pipe 

Elevation of w a t e r - i n l e t p ipe 

Design 

M a t e r i a l 

Hafnium 

Type A: 
Ni + 0,2% Co 

N u m b e r 

4 

12 

16 

184 

35 ft 8 in, 

11 ft 5 in . 

7 ft 7 in. 

S t a i n l e s s c l ad c a r b o n 
s t e e l and s t a i n l e s s 
s t e e l 

2.-Z i n . 

1 in, 

4 ft 6 | in, 

5 ft 5 in, d i a m e t e r 

8,5 in, 

4,5 in, 

36 in, 

90 ft 9 in. 
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TABLE III (Contd,) 

Size of water-outlet pipe 36 in. 

Elevation of water-outlet pipe 83 ft 4 in. 

Diameter of discharge chute 15 in. 

The vessel internals consist of the inner tank, the internal thermal 
shields, the reactor core, the core support s t ructure , and the experiment 
upper support ring. The core support s tructure consists of six s tructural 
supports extending from the reactor bottom head up to and including the 
support plate and the reactor grid plate. This structure supports the reactor 
core, the beryllium reflector, and the aluminum reflector, serves as a guide 
for the experimental in-pile tubes and control rods, and t ransmits the 
p ressure -drop load across the core to the reactor bottom head. 

The reactor core, a square configuration of 52 fuel elements, 12 shim 
control rods, four safety control rods, four corner filler pieces, and nine 
experimental facilities, is approximately 30.4 in. square. 

The beryllium reflector is a 45-in.- thick layer of beryllium 
extending completely around the core. The two originally designed regu
lating rods were contained in holes on opposite sides in the beryllium 
reflector. Space also is provided in the beryllium for additional capsule-
type experiments. The aluminum reflector pieces extend from the beryl
lium reflector out to the inner tank walls. Provision is made for eight 
experimental facilities in the aluminum reflector. Each aluminum reflector 
element is built with a hollow interior, providing for additional irradiation 
space of the capsule type. 

The reactor vessel is enclosed and supported by a high-density 
concrete biological shield extending from the first floor to the basement 
ceiling. This shield is 8 ft thick at the core centerline. The 25-ft outside 
diameter of the shield is covered with a 3/4-in.-thick steel plate. 

The subpile room is directly below the reactor bottom head. The 
walls of the subpile room (also of high-density concrete) t ransmit the 
biological shield load to the reactor foundations extending down to bedrock. 
The subpile room is the area in which experimental inpile tubes connect 
with the experimental piping, and this piping is routed to the experimental 
cubicles through access holes in the subpile room walls. The control rod, 
the regulating rod, and the chamber drives extend through the subpile room 
downward into the rod access room located directly below. The rod access 
room is located below the basement floor level, and is the area in which 
the control rod, regulating rod, and chamber drives are physically located 
and serviced. 
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The canal is T- shaped . The por t ion i m m e d i a t e l y w e s t of the r e a c t o r 
i s known as the working canal , and the no r th and south e x t e n s i o n s a r e known 
a s i s"orage canal . Fue l e l emen t s , c o n t r o l - r o d s e c t i o n s , and c e r t a i n 

^ p e r i m e n t a l equipment can be d i s cha rged d i r e c t l y to ^^e ^ ^ ^ ^ ^ ^ ^ ^ ^ 
through the r e a c t o r d i scha rge chute. The working cana l a l s o p r o v i d e s 
s t o r age for r e a c t o r handling tools and conta ins the cana l saw u s e d to r e m o v e 
end boxes from fuel e l emen t s or to saw o ther m a t e r i a l s ( including e x p e r i 
men ta l equipment) to lengths sui table for fu r the r handl ing and s h i p m e n t . 
The s to rage canal is used for s t o r age of hot fuel, hot c o n t r o l fuel, m i s c e l 
laneous expe r imen ta l equipment , r e a c t o r equipment , b a s k e t s , s l u g s , c a n a l 
bulkheads , and other i t e m s . L a r g e casks for sh ipmen t of r e a c t o r fuel or 
expe r imen ta l equipment a l so a r e p laced in th is cana l for loading a n d / o r 
unloading. The canal walls and bot tom (cons t ruc ted of o r d i n a r y c o n c r e t e ) 
a r e s e v e r a l feet thick to prov ide the n e c e s s a r y shie ld ing for p e r s o n n e l 
working in the console and b a s e m e n t a r e a s . 

Mate r i a l handling fac i l i t ies include a 30- ton b r i d g e c r a n e , a 2 - ton 
br idge c rane , a 1 ^ - ton br idge c r a n e , a f re ight e l e v a t o r , a p a s s e n g e r 
e leva tor , two ha tchways , and a s s o c i a t e d equ ipment . Ind iv idual e x p e r i m e n t s 
use var ious types of handling fac i l i t i e s , which, due to t h e i r s p e c i a l i z e d 
na tu re , a r e not d i s cus sed in this r e p o r t . 

V. NUCLEAR ANALYSIS 

A. Introduct ion 

At p r e sen t , no faci l i t ies ex is t for t e s t i ng a s s e m b l i e s of f a s t - r e a c t o r 
fuel rods in a f a s t - r e a c t o r env i ronment . An a l t e r n a t i v e is the s i m u l a t i o n of 
such an environment in a t h e r m a l r e a c t o r . This a l t e r n a t i v e m e t h o d of 
tes t ing r e q u i r e s a phys ica l a r r a n g e m e n t in which a s m a l l v o l u m e of f a s t -
r e a c t o r fuel is placed in a l a rge t h e r m a l c o r e . W h e t h e r the f a s t - r e a c t o r 
fuel is su r rounded by a neu t ron f i l ter depends upon the ex ten t of s i m u l a t i o n 
requi red by the tes t . 

If only the s ame ave rage power dens i ty i s d e s i r e d ove r t he c r o s s 
section of each fuel e lement in an a s s e m b l y , no f i l t e r i s r e q u i r e d . The 
des i r ed power densi ty can be obtained by va ry ing the e n r i c h m e n t in e a c h 
ring of e lements i nve r se ly as the d i s t ance f rom the c e n t e r of the a s s e m b l y . 
However, the f iss ion gradient on the d i a m e t e r of e a c h e l e m e n t i s v e r y s t e e p . 

If it is a l so des i r ed to keep the f i s s ion g r a d i e n t on the d i a m e t e r of 
each element 20% or l e s s , then a s i m p l e f i l te r of u r a n i u m , b o r o n , or 
cadmium is adequate . 
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If it is desired to simulate the fission spectrum of a part icular fast 
reactor , it is theoretically possible to construct a filter by combining 
mater ia ls that have cross sections with the appropriate energy dependence 
to produce any desired spectrum. Such a filter is expensive and difficult 
to construct and requires experimental research. 

This specific test program is based on assemblies of 7 and 19 fuel 
elements in the J-13 space of the ETR core.^ It is desired that the fission 
rate over cross sections of the assembly and over the cross sections of 
individual fuel elements be less than 15 and 25%, respectively. Therefore, 
a neutron filter is required. 

The intent is (I) to show how the principal parameters in the design 
of this type of test affect the phenomena occurring within the assembly, and 
(2) to present theoretical designs of a 7- and a 19-fuel-element assembly. 

The principal parameters that can be varied are the number of 
fuel elements in an assembly, the enrichment of UO2, the mater ia l of the 
filter, the thickness of the filter, and the diameter and pitch of the fuel 
elements in the assembly. 

Pre l iminary calculations were made to show the effects of (1) the 
number of fuel elements in a test assembly, (2) the enrichment of the 
nuclear fuel, and (3) the mater ia l of the neutron filter. An estimate was 
made of the gamma heating in the fuel elements, in the neutron filter, 
and in the containment vessel . Prel iminary designs of a 7- and 19-fuel-
element assembly indicate that the desired power densities can be obtained 
in the test fuel elements when they are in the ETR. 

The Advanced Reactivity Measurement Facility^ (ARMF), may be 
used to measure nuclear parameters and to verify calculations. Measure
ments are being made in the Argonne Thermal Source Reactor (ATSR) to 
check filter mater ia ls and fission gradients in the proposed 7- and 19-fuel-
element assemblies and in individual rods. 

B. Basis of Calculations 

The exploratory calculations were based on the following conditions: 

1. The ETR is operating at 175 MW. 

2. The J-13 core position is a square hole, 15.2 cm on a side and 
91.4 cm long. Since this volume is larger than the volume of the test 
assembly, the excess area is assumed to be ETR core mater ial . The a s sem
bly of fuel elements consists of a center fuel element surrounded by one or 
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m o r e r ings of fuel e l e m e n t s . F o r c a l c u l a U o n ^ I ^ o s e . the i . i ^ o f J ^ e l 
e lements a r e conver ted - e q u i v a l e n t concen t r i c y W e . ^ ^ ^ ^ ^ ^ q ^ ^ ^ ^^^ 
sur faces and volumes a r e l i s t ed in t a b l e IV. / ; , n d l 8 f u e l 
equivalent to the cen te r fuel e l ement and to the r i ngs of 6, 12, and 18 fue 
e l emen t s . The UO2 may be in combinat ions of r eg ions ^ 3. 5- and 7- F ^ ^ e r 
m a t e r i a l may be in reg ion 5, 7, or 9, depending upon w h e t h e r a 7 19 ^ o r 
37- fue l -e lement a s s e m b l y is to be t e s t ed . Sodium and s t a i n l e s s s t e e l naay be 
d i s t r ibu ted in regions 2, 4, 6, 8. and 9. (Region 10 is the E J R c o r e , ) The 
amount of s t a in l e s s s t ee l in a reg ion is that conta ined in the c l add ing , 
s p a c e r s , and s t r u c t u r a l p a r t s , with sodium occupying the r e m a i n i n g v o l u m e . 
The l a t e r a l sur faces and volumes of the UO2 c y l i n d e r s a r e a p p r o x i m a t e l y 
equivalent to the l a t e r a l su r faces and vo lumes of the fuel in the fuel e l e m e n t s 
they r e p r e s e n t . 

3. The values for E T R m a t r i c e s and g e o m e t r y a r e b a s e d on in for 

mat ion given in Ref s . 4 . 

4. The t e s t a s s e m b l y was a s s u m e d to be at the c e n t e r of the E T R 
r a t h e r than in the J -13 co re pos i t ion . The effect of moving the t e s t a s s e m b l y 
from the cen te r to the off-center J - 1 3 pos i t ion was d e t e r m i n e d by x - y c a l 
culations with the SNARG-2D code. 

5. The codes used a r e SNARG-ID and SNARG-2D^ wi th C r o s s -
sect ion Set 201^ and D I F - 2 D ' of the ARC s y s t e m with C r o s s - s e c t i o n Set 203.° 
All codes give cons is ten t r e s u l t s . 

TABLE IV, Equivalent Cy l ind r i ca l V o l u m e s and 
Sur faces of F u e l - e l e m e n t A s s e m b l i e s 

Regions of T e s t A s s e m b l y 

Inside r ad i i of r eg ions , 
cm 0 0.849 1.750 2.223 

Equivalent l a t e r a l su r face 
of UO2, cm^ 157.4 909.5 1861.8 2833.6 

Equivalent volume of UOj, 
21.5 130.0 258,7 388,7 
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TABLE V. Dimensions and Volumes of 
UO2 Fuel Element^ 

Length 91.44 cm 
Cladding OD 0.635 cm 
Cladding thickness 0.039 cm 
UOi OD 0.548 cm 
Lateral surface of UO2 157.42 cm^ 
Volume of fuel element and spacers 30.10 cm 
Volume of cladding 6.67 cm^ 
Volume of spacers 1.15 cm 
Volume void 0.72 cm^ 
Volume of UO2 21.56 cm^ 
Volume of "^U and " 'U 10,57 cm' 
Vol % UOj 71.63 
Vol % stainless steel 25.98 
Vol % void 2.39 

^AU dimensions at room temperature, 

pated for use in large thermal breeders 
density specified for the test is 2000 W/ 
the midpoint is 2600 w / c c of UO2. 

C. Number of Fuel Elements in 
an Assembly 

The number of fuel ele
ments that can be in an assembly 
and the length of these elements 
depend upon the reactor available, 
the character is t ics of the fuel ele
ments, and the power density r e 
quired for the test. 

The ETR has the highest 
flux and longest core of any 
reactor available. The fuel ele
ments are similar to those antici-

. The maximum average power 
CC of UO2. The power density at 

The J-13 space in the ETR core limits the test assembly to 37 UO2 
fuel elements. Each UO2 pellet is 0.548 cm in diameter, and the total 
length of the pellets is 91.4 cm. The enrichment of the center fuel element 
is 93%. The enrichment of the ring of six is 85%, of the ring of 12 is 74%, 
and of the ring of 18 is 58%. 

The effect of increasing the number of rings of fuel elements in a 
test assembly is that of successively increasing the shielding of the inner 
rings of fuel elements. This decreases both the magnitude of the fission 
rate in the fuel elements of each successive riijg and the gradient of the 
fission rate along the diameter of a fuel element that is coincident with the 
radius of the assembly. No attempt has been made to calculate the angular 
distribution of fission rate in a fuel element except for the center fuel 
element. Experiments a re under way to measure the angular and radial 
variation over cross sections of fuel elements in the rings of 6 and 12 fuel 
elements . 

Table VI shows the effect of adding successive rings of 12 and 18 
fuel elements to an assembly of seven fuel elements. All fuel elements 
are of the same enrichment. The filter mater ia l and thickness are main
tained constant, but the filter diameter increases as rings of fuel elements 
are added. Power density was computed for the midpoint of 91,44-cm-Iong 
fuel elements with the assemblies so positioned in a reactor that the center-
line, or the center fuel element, is coincident with the longitudinal center-
line of the ETR core. The thickness of the cadmium filter is 35 mils . The 
filter is in region 5 for the seven-fuel-element assembly, in region 7 for 
the 19-fuel-element assembly, and in region 9 for the 37-fueI-element 
assembly. 
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^ . • • 7 IQ and 37 UO:. F u e l E l e m e n t s 
TABLE VI. P o w e r D e n s i t y in A s s e m b l i e s C o n t a i m n g 7 ^ 9 , and U j 
T A B L t 

C e n t e r F u e l 

E n r i c h m e n t 

93 
93 
93 
70 
70 
70 
50 

50 
30 
30 
30 

w / c c 

UOz 

4117 
3175 
2641 
3099 
2390 
1988 
2213 
1707 
1420 
1328 
1024 

852 

Ring of 6 F u e l 
E l e m e n t s 

E n r i c h m e n t 

93 
93 
93 
70 
70 
70 
50 
50 
50 
30 
30 
30 

w / c c 

UOz 

4886 
3520 
2817 

3678 
2649 
2120 
2626 
1892 
1515 
1576 
1135 

909 

Ring of 12 F 
E l e m e n t s 

E n r i c h m e 

93 
93 

70 
70 

50 
50 

30 
30 

nt 

u e l 

w / c c 

UOz 

4495 
3256 

3383 
2451 

2417 
1751 

1450 
1050 

Ring of 18 F 
E l e m e n t s 

E n r i c h m e 

93 

70 

50 

30 

nt 

u e l 

w / c c 

UOz 

4 1 7 2 

3140 

2243 

1346 

As r i n g s of fue l e l e m e n t s a r e a d d e d , t h e d i f f e r e n c e i n p o w e r d e n s i t y 

b e t w e e n r i n g s b e c o m e s l e s s a n d t h e g r a d i e n t on t h e r a d i u s of t h e a s s e m b l y 

b e c o m e s l e s s , i n d i c a t i n g t h a t l o w - e n e r g y n e u t r o n s a r e b e i n g c a p t u r e d i n 

t h e o u t e r r i n g s of f u e l e l e m e n t s . S i n c e t h e o u t e r f u e l e l e m e n t s c a p t u r e t h e 

l a r g e s t p e r c e n t a g e of l o w - e n e r g y n e u t r o n s , 

t h e s e f u e l e l e m e n t s h a v e t h e s t e e p e s t f i s s i o n 

g r a d i e n t on t h e d i a m e t e r t h a t i s c o i n c i d e n t 

w i t h t h e r a d i u s of t h e a s s e m b l y . 

D . E n r i c h m e n t 

T h e a b i l i t y t o v a r y t h e e n r i c h m e n t of 

t h e t e s t f u e l e l e m e n t s p r o v i d e s t h e p r i m a r y 

m e a n s of o b t a i n i n g t h e d e s i r e d a v e r a g e f i s s i o n 

r a t e p e r e l e m e n t t h r o u g h o u t t h e a s s e m b l y . A 

f a i r l y u n i f o r m a v e r a g e f i s s i o n r a t e f o r a l l f u e l 

e l e m e n t s i n a n a s s e m b l y i s r e a d i l y o b t a i n e d 

b y v a r y i n g t h e e n r i c h m e n t o v e r t h e a s s e m b l y 

c r o s s s e c t i o n . A u n i f o r m a v e r a g e f i s s i o n r a t e 

o v e r t h e c r o s s s e c t i o n of i n d i v i d u a l f u e l e l e 

m e n t s c a n b e a p p r o a c h e d b y u s i n g t h e m i n i m u m 

a m o u n t of e n r i c h m e n t p e r f u e l e l e m e n t c o n 

s i s t e n t w i t h t h e r e q u i r e m e n t s of t h e t e s t , a n d 

b y u s i n g a n e u t r o n f i l t e r t h a t r e m o v e s a l a r g e 

p e r c e n t a g e of t h e e p i t h e r m a l n e u t r o n s a s w e l l 

a s t h e t h e r m a l n e u t r o n s . 

Heat Generation vs 
Percent Enrichment 

F i g u r e 3 s h o w s t h e h e a t g e n e r a t i o n of 

e a c h f u e l e l e m e n t i n a s s e m b l i e s of 7 , 1 9 , a n d 

37 f u e l e l e m e n t s i n t h e J - 1 3 s p a c e p l o t t e d 

a g a i n s t t h e p e r c e n t e n r i c h m e n t of t h e U O 2 . 

S i n c e t h e f i s s i o n r a t e i n a n i n d i v i d u a l f u e l 
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element is also affected by the position of the fuel element in the assembly 
and the nuclear propert ies of the neutron filter surrounding the assembly, 
many combinations of parameters a re possible. 

The power density in a fuel element and the power gradient on the 
diameter of individual fuel elements is presented for five cases . The cases 
are chosen to show the effect of (l) enrichment, (2) the number of fuel ele
ments in an assembly, and (3) the neutron filter. The minimum fission 
rate in a center fuel element is at the center of that element. The minimum 
in all other fuel elements is at the point on the element nearest the center 
of the assembly. The effect of enrichment is il lustrated by the following 
five cases and summarized in Table VII. 

TABtE V I I . Power Gradients in Fuel Elements 

Case No.: 
No. of fuel elements: 
Filter material: 
Filter ttiicliness. mils: 

Fuel element i n : 
Enrichment: 
W/cc o( UO2: 

Radii, cm 

0.2740 
0.2O5S 
0.D70 
0.0685 

0 
0.0685 
0.1370 
0.2055 
0.27« 

1 
7 

Cadm 

Center 
50 

2420 

1.081 
1.039 
1.017 
1.004 
1.000 
1.004 
1.017 

1.039 
1.081 

35 

R 

urn 

ng of 6 
44 

2472 

1.000 
1.001 
1.006 
1.023 
1.036 
1.060 
1.0)1 
1.138 
1.179 

II 
7 

Cadmi 

Center 
30 

1S47 

1.070 
1.034 
1.015 
1.003 
1.000 
1.003 
1.015 
1.034 
1.070 

35 

R 

um 

ng of 6 
26 

1537 

1.000 
1.002 
1.005 
1.020 
1.031 
1.050 
1.080 
1.112 
1.159 

Center 
93 

2290 

1.043 
1.021 
1.009 
1.002 
1.000 
1.002 
1.009 
1.021 
1.043 

III 
7 

oron 
96 

Ring of 6 
93 

2370 
Power 

1.000 
1.001 
1.002 
1.005 
1.012 
1.024 
1.037 
1.055 
1.078 

Center 

93 
4421 

IV 
19 

None 

-
Ring of 6 

93 
5147 

-density Ratio 

1.085 
1.040 
1.018 
1.005 
1000 
1.005 
1.018 
1.040 
1.085 

1.000 
1.002 
1.010 
1.025 
1.049 
1.072 
1121 
1165 
1262 

Ring of 12 

93 
11360 

1.000 
1.020 
1093 
1150 
1.297 
1.500 
1.666 
2.350 
3.465 

V 
19 

Cadmium 

35 

Center Ring of 6 

93 93 
3159 3511 

1.065 1 
1.032 1 
1.014 1 
1.004 1 
1.000 1 
1.0O4 1 
1.014 1 
1.032 1 
1065 1 

ooo 
001 
002 
012 
023 
040 
065 
098 
131 

Ring of 12 

93 
4336 

1.000 
1.010 
1.022 
1.043 
1.067 
1.102 
1.138 
1.187 
1.237 

Case I is a seven-fuel-element assembly with the enrichment varied 
to give approximately the same average power density in each fuel element. 
A 35-mil cadmium filter surrounds the assembly. 

Case II shows how the level of power density in a seven-fuel-element 
assembly with the same filter as Case I affects the gradient of the power 
across the diameter of each fuel element. 

Case III shows that an acceptable power gradient can be achieved 
with a high enrichment and a thick filter of boron. However, it is an 
expensive way to achieve the objective of low power gradient. 

Case IV is a 19-fuel-element assembly with no filter. The point 
generated in each fuel element is that concomitant with operating the ETR 
at 175 MW, Such a condition would melt the fuel elements. It is possible 
to show what could happen if the filter was tested during a test of highly 
enriched fuel elements. 

Case IV also shows the shielding effect of the outer ring on the 
fission gradient in the inner fuel elements in the absence of a neutron 
filter. A comparison of Cases IV and V shows how a filter a l ters the 
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fission distribution in rings of fuel elements. The ^^^^^ J^^^^JZl o" 
order to attain a low gradient of power density °;^'ll^l^^°;^'J''%'°^ °'^ 
a fuel element, especially if the fuel elemen -J^^^^^^^^ ^ ^ ions L the 
power gradient is achieved by increasing the percentage oi 
high-energy groups 

Varying the enrichment, lilter thickness, and ETR power can 
produce the desired power level and power gradient. 

E. Neutron Filter 

Filter materials with a high-neutron-absorption cross section for 
low-energy neutrons are desired. Theoretically, r a r e earths such as 
europium, samarium, dysprosium, and erbium appear at tractive as filter 
materials . ' They have large resonance integrals, with the resonances 
closely spaced so that large average cross sections weU into the keV range 
are produced. There is essentially no burnup problem with these mater ia ls , 
since neutron absorption produces another r a re -ea r th isotope, usually with 
a large cross section 

Materials such as tantalum and rhenium are also potential filter 
materials because of high melting points and good absorption cross sections 
at low energies. Their cross sections are not as high as those of cadmium, 
boron, and the rare earths; therefore, filters of these mater ia l s must be 
thicker than filters of cadmium, boron, and the r a re ear ths , thus creating 
heat-transfer and space problems 

Materials such as cadmium with low melting points a re a potential 
source of trouble, because the sodium temperature in the test assembly is 
not less than 500°C. The actual choice of a filter is a compromise of 
performance, economics, and safety. At present, cadmium oxide and boron 
steel appear to be the best filter mater ia ls . 

A uranium filter, when remo^nng its fission heat is feasible, has the 
unique advantage of being able to provide a heat-generating boundary for the 
flowing sodium, thus enhancing the chances of attaining dynamic similarity 
between a small test assembly and a large fast reactor . 

Cadmium absorbs almost all the neutrons below 0.41 eV and allows 
nearly all the higher-energy neutrons to pass through. Cadmium offers 
little flexibility in altering the epithermal flux. Figure 4 shows the effect 
of the thickness of cadmium on the power density in 93%-enriched UO^ fuel 
elements in a seven-fuel-element assembly. The optimum thickness of 
pure cadmium appears to be 35 mils . Any thickness above 35 mils appears 
to have little effect on the power density. 
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~ NOTES: 

U ALL 7 FUEL ELEMENTS 93% ENRICHED UOj 

" T ^ , ^ FILTER IN REGION 5 

A . "^ - ^ X " " " " " • - _ FUEL ELEMENTS: 

^ -~!III 6 OUTER 

CENTER 

. 1 , 1 : 1 . 1 , 1 , 1 , 1 , 1 , 

-

-

. 
,80 aoo 

Fig. 4. Effect of Filter Thickness upon Power 
in a Seven-fuel-element Assembly 

The g a m m a hea t ing of c a d m i u m is e s t i m a t e d to be 15 W / g of c a d 
m i u m . The g a m m a hea t ing would be a p p r o x i m a t e l y 80 kW for a 3 5 - m i l 
c a d m i u m f i l t e r . The c a d m i u m f i l t e r m u s t be f o r m e d of c a d m i u m oxide, 
b e c a u s e p u r e c a d m i u m m e l t s at 321°C. The c a d m i u m oxide f i l te r a b s o r b s 
a l m o s t a l l t h e t h e r m a l n e u t r o n s , but h a s no f lexibi l i ty in con t ro l l ing the 
h i g h - e n e r g y n e u t r o n s . I t s m e l t i n g point i s 1426°C, The t h i c k n e s s equ iva len t 
to 35 m i l s of p u r e c a d m i u m is 50 m i l s . The f i l t e r would p r o b a b l y be a th in 
c y l i n d e r of c a d m i u m oxide c lad wi th s t a i n l e s s g t e e l . 

B o r o n i s a l / v a b s o r b e r tha t i s s t ab l e at high t e m p e r a t u r e s . T h e r e 
f o r e , b o r o n offers m o r e f lex ib i l i ty than c a d m i u m in con t ro l l ing the n e u t r o n 
s p e c t r u m . F i g u r e 4 shows the effect of the t h i c k n e s s of the b o r o n on power 
d e n s i t y in a 9 3 % - e n r i c h e d UO2, s e v e n - f u e l - e l e m e n t a s s e m b l y . 

The i r r a d i a t i o n of b o r o n p r o d u c e s h e l i u m . The ' " B (n,a) r e a c t i o n i s 
u n d e s i r a b l e , but m u s t be c o n s i d e r e d along wi th the effect of i r r a d i a t i o n upon 
the s t r u c t u r a l i n t e g r i t y . F o r the an t i c ipa t ed t e s t t i m e in the E T R , the 
i r r a d i a t i o n effects do not s e e m to p r e s e n t i n s u r m o u n t a b l e p r o b l e m s . The 
h e a t to be r e m o v e d f r o m the b o r o n is e s t i m a t e d at 20 W / g , Th i s i s s l igh t ly 
h i g h e r t h a n for c a d m i u m b e c a u s e of the e n e r g y of the (n,a) r e a c t i o n in 
add i t ion to the g a m m a hea t ing , 

A b o r o n f i l t e r m a y be b o r o n be tween p l a t e s of s t a i n l e s s s t e e l or 
s i m p l y an a l loy s u c h a s b o r o n s t e e l , z i r c o n i u m - b o r o n , or t i t a n i u m - b o r o n . 
If t he f i l t e r c o n s i s t e d of both b o r o n and c a d m i u m , n e a r l y a l l n e u t r o n s of 
t h e r m a l e n e r g y would be f i l t e r ed out by the c a d m i u m , and as m a n y of t h e 
e p i t h e r m a l n e u t r o n s a s d e s i r e d could be f i l t e r ed out by v a r y i n g the a m o u n t 
of b o r o n . 
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A boron steel filter is recommended as practical and the safest for 
a testing program in which many tests of less than a month are to be con
ducted Such a filter is a cylinder of boron steel cladding with stainless 
steel on both surfaces. The thickness of 2 wt % boron ^ " ^ ^ ^ ^ - ^ ° 
15 mils of solid boron is 240 mils. The melting point of 1400 C and the 
mechanical strength of this simple steel cylinder reduce the possibility of 
filter trouble. This filter is inexpensive and easy to fabricate m quantity. 

A filter composed of plates of boron and cadmium oxide combines 
the ability to absorb most of the thermal neutrons and the epithermal neu
trons as a function of their energy and the thickness of the boron plate. 

Table VIU compares the effect of filter material upon the average 
0Efj/X02f in each fuel element for each energy group j . Table IX shows 
the effect of the filters on the gradient of power density. The gradient is 
taken on the diameter of a fuel element that is coincident with the radius 
of the assembly of seven fuel elements. The ratio is greater for boron 
than for cadmium because, as stated, the thickness of filters is chosen so 
that the total power in the seven fuel elements is the same for all f i l ters . 
Under this condition, the thickness of boron was such that more fissions 
occurred in the lower-energy groups when the boron filter was used than 
when the cadmium was used. (See Table VIII.) 

T A B L E VIII. Effect of C a d m i u m , B o r o n , and U r a n i u m F i l t e r s 

upon * Z f j / Z *£f 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

NOTES: 

E n e r g y 
Range 

10-3 MeV 
3-1.4 MeV 

1.4-0.9 MeV 
0 .9-0 .4 MeV 
0.4-0 .1 MeV 
100-17 keV 

17-3 keV 
3-0.55 keV 

550-100 eV 
100-30 eV 

30-10 eV 
10-3 eV 
3-1 eV 
1-0.4 eV 

0 .4-0 .1 eV 
T h e r m a l 

1. The power 

2. The power 
3. The en r i ch 

L e t h a r g y , 
Range u 

0 -1 .204 
1 .204-1.966 
1.966-2.408 
2 .408-3 .219 
3 .219-4 .605 
4 . 6 0 5 - 6 . 3 7 7 
6 .377-8 .112 
8 . U 2 - 9 . 8 0 8 
9 .808-11 .513 

11 .513-12 .717 
12 .717-13 .816 
13 .816-15 .020 
15 .020-16 .119 
16 .119-17 .035 
17 .035-18 .421 
18.421 

for the s e v e n fuel 

Au 

1.204 
0.762 
0.442 
0.811 
1.386 
1.772 
1.735 
1.696 
1.705 
1.204 
1.099 
1.204 
1.099 
0.916 
1.386 

C e n t e r 
F u e l E l e m e n t 

Cd 

2.88 
6.07 
2.26 
2.47 
4.32 
4 .94 
6.07 
9.78 

16.93 
12.77 
10.92 

5.15 
12 .25 

2 .93 
0.26 
0.00 

B 

3.12 
6.45 
2.42 
3.83 
4 .33 
5.04 
6.14 
9.97 

16.61 
11.08 

9 .16 
4 .13 
7.15 
6 .55 
3.52 
0.50 

u 

4.11 
8.22 
3.51 
5.02 
5.92 
6.02 
6.62 

10 .03 
13 .04 

4 .11 
3.01 
0.80 

10.53 
11.53 

7.02 
0.50 

e l e m e n t s w i t h t h e c a d m i u m filt . 
of E T R i s 175 MW. 

m e n t of t he cpn te t • f l l P 1 o l . , . o C,, (.7. 

A F u e 
the 

Cd 

2.28 
5.02 
1.93 
2 .94 
3 .65 
3.75 
5.37 
8.62 

16.12 
13 .59 
13.89 

8.31 
11 .46 

2 .63 
0.30 
0.00 

er i s 302 

1 E l e m e n t in 
Ring c 

B 

2 .38 
5.22 
2.13 
2.97 
3.90 
4 .20 
5.52 
8.30 

14.54 
12 .46 
12,00 

6.48 
6.52 
6.23 
4 .47 
2.50 

kVi7. 

,f 6 

U 

3.48 
7.03 
3.00 
4 .20 
4 .49 
5.02 
5.92 
8.49 

11.53 
4 .10 
3.50 
0.89 
9.92 

11.90 
11.02 

5.00 

ring of 6 i s 46%. 

The fuel e l emen t i s the one in T a b l e V. 
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TABLE IX. Effect of Fi l ter upon Maximum-to-Average 
Fission Rate in a Fuel Element 

Center A Fuel Element in 
Fuel Element the Ring of 6 

Cd 

1.048 

B 

1,055 

U 

1.056 

Cd 

1.11 

B 

1.12 

U 

1.14 

This investigation indicates that a variety of materials can be used 
as filters by varying their thickness, if a uniform heat-generating rate is 
the only requirement. If a part icular spectrum is desired, the filter must 
be a composition of mater ia ls having cross sections of the appropriate 
energy dependence. 

The choice of a filter is a compromise between performance and 
economics. 

F . Gamma Heating 

The gamma heating rate in a I9-fueI-eIement test assembly i r r a 
diated in the center of the ETR core has been es t imated." The gamma 
fluxes at the midplane of the five-region assembly were calculated using 
formulas for cylindrical geometry and a uniformly distributed source. 

Flux values were found for points at the center, halfway through 
the five-region assembly, outside the five-region assembly, and at the 
outer edge of the test assembly. Gamma radiation from the core region 
outside the test assembly was determined. This radiation was attenuated 
by the intervening mater ia l of the assembly before being absorbed at the 
designated points and contributing to the heating ra tes . 

During irradiation, heating of the steel p ressure vessel is calculated 
to be 15 w /g ; heating of the cadmium filter surrounding the test assembly, 
15 w / g . The calculated gamma heating in fuel elements in a test assembly 
is: central fuel elements, 25 w / g of UOj; and ring of 12 fuel elements, 
23 w / g of UOz. 

During irradiation, a major portion of the heating is produced by 
radiation from the surrounding core. Calculations show that immediately 
after the test assembly is removed from the ETR core, the equilibrium 
fission products in the test assembly produce 6 w / g of gamma heat in the 
five central regions of UO2 and 2 W/g of gamma in the steel p ressu re vessel . 
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T, • i -: -,^A 1 Q-fi ,pl-element T e s t A s s e m b l i e s G. P r e l i m i n a r y Design of 7- and 19- tue i e l emen t 

Calcula t ions w e r e made for a s s e m b l i e s cons i s t i ng of 7, 19, and 
37 fuel e l emen t s . However, only the 7- and 1 9 - f u e l - e l e m e n t a s s e m b l i e s 
were being cons ide red for tes t ing at th is t i m e . 

The to ta l power r e q u i r e d pe r fuel e l e m e n t is a s s u m e d to b e 45 kW, 
The ave rage power dens i ty at the midpoint of each fuel e l e m e n t i s t h e n 
2600 w / c c of UO2. The neu t ron f i l ter i s equiva lent to 35 m i l s of c a d m i u m . 
The ETR is a s sumed to be opera t ing at 175 MW. 

1. A Seven- fue l -e lement Tes t A s s e m b l y 

Fo r the ave rage power dens i ty at the midpo in t of e a c h fuel e l e 
ment to be 2600 w / c c , the ca lcula ted e n r i c h m e n t of the c e n t e r fuel e l e m e n t 
mus t be 54% and that of the su r round ing r ing of s ix fuel e l e m e n t s m u s t be 
46%. 

F i g u r e 5 shows the 16 group fluxes th roughou t t he a s s e m b l y of 
seven fuel e l emen t s . F igu re 6 shows the p e r c e n t of f i s s i o n s in e a c h of 
16 energy groups on the cen te r fuel e l emen t and for fuel e l e m e n t s in t he 
r ing of s ix. F i g u r e 7 shows the f i s s ion d i s t r i b u t i o n a m o n g e n e r g y g r o u p s . 
F igure 8 shows the power va r i a t ion on the d i a m e t e r of the fuel e l e m e n t 
that is concur ren t with the rad ius of the a s s e m b l y . 

-3.44cm RADIUS - i 

113-2695 

Fig, 5, Flux Distribution as a Function of Radius 
in a Seven-fuel-element Assembly 

o I 

113-2699 

/ 
i 

"5; 

Fig. 6. Fission Spectrum in Each Element of a 
Seven-fuel-element Assembly 
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116-12 ELEMENT DIAMETERS 

A 1 9 - f u e l - e l e m e n t T e s t A s s e m b l y 

F o r the a v e r a g e p o w e r dens i t y at the midpoin t of each fuel 
e l e m e n t t o be 2600 W / c c , t he c a l c u l a t e d e n r i c h m e n t of the c e n t e r fuel e l e 
m e n t i s 72%, the e n r i c h m e n t of the fuel e l e m e n t s in the r ing of s ix is 65%, 
and the e n r i c h m e n t of the fuel e l e m e n t s in the r ing of 12 is 55%. F i g u r e 8 
shows the g r a d i e n t s of power dens i t y for fuel e l e m e n t s in each r i n g . 
F i g u r e 9 shows the p e r c e n t a g e s of the f i s s ions a v e r a g e d over t he c r o s s 
s e c t i o n of t he fuel e l e m e n t s a t t r i b u t a b l e to each of the 16 g r o u p s in to 
wh ich the e n e r g y s p e c t r u m is d iv ided . 
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Assembly 

3^ T e m p e r a t u r e D i s t r i b u t i o n i n 

a n I n d i v i d u a l F u e l E l e m e n t 

E a c h f u e l e l e m e n t i n t h e 7 -

oj. i g - f u e l - e l e m e n t a s s e m b l y w i l l b e 

p r o d u c i n g a n a v e r a g e of 2 0 0 0 W / c c of 

UO2. S t e a d y - s t a t e a n d t r a n s i e n t t e m p e r a 

t u r e s h a v e b e e n c o m p u t e d f o r a f u e l e l e 

m e n t a n d t h e s u r r o u n d i n g s o d i u m . 

T h e s t e a d y - s t a t e t e m p e r a 

t u r e s h a v e b e e n c o m p u t e d f o r 11 r a d i a l 

n o d e s a t e a c h of 13 a x i a l n o d e s . T h e 

c a s i n g t e m p e r a t u r e i s c o m p u t e d f o r t h e 

m i d p o i n t a n d e a c h s u r f a c e a t 13 a x i a l 

n o d e s . T h e a v e r a g e s o d i u m t e m p e r a 

t u r e i s c o m p u t e d f o r e a c h of 91 a x i a l 

n o d e s . 

T h e t e m p e r a t u r e a t t h e s e 143 n o d e s f o r t h e UO2 a n d c a s i n g a n d 
a t 91 n o d e s f o r s o d i u m h a s b e e n c o m p u t e d a n d i s a v a i l a b l e f o r p o w e r s of 
15 a n d 20 k w / f t of f u e l e l e m e n t . 
T h e e n t e r i n g - s o d i u m t e m p e r a 
t u r e a n d f l o w r a t e f o r e a c h c a s e 
a r e 500°C a n d 4 5 0 g / c m ^ s e c . 

F i g u r e 10 i s a p l o t 
of t h e s t e a d y - s t a t e c e n t e r l i n e 
UO2 t e m p e r a t u r e , t h e t e m p e r a 
t u r e n e a r t h e o u t s i d e e d g e of t h e 
UO2, a n d t h e s o d i u m t e m p e r a t u r e , 
w h i c h i s 5 t o 10 d e g r e e s b e l o w 
t h e o u t s i d e s u r f a c e t e m p e r a t u r e 
of t h e c a s i n g . 

F i g u r e 11 i s a p l o t 
of t h e s t e a d y - s t a t e r a d i a l t e m 
p e r a t u r e a t t h e m i d s e c t i o n of t h e 
fue l e l e m e n t . 

T h e t r a n s i e n t t e m 
p e r a t u r e a t t h e a b o v e n o d e s h a v e 
b e e n c o m p u t e d f o r 15 a n d 2 0 k w / 
ft of fue l e l e m e n t . I n a d d i t i o n , t h e 
p e r c e n t a g e of UO2 m e l t e d a n d 
t h e t i m e a t w h i c h s o d i u m s t a r t s 

- i TEMP OF UO2 

20 kW/ft OF FUEL ELEMENT 

15 kW/ftOF FUEL ELEMENT 

-SURFACE TEMP OF U02 

113-2682 Rev, 1 

Fig. 10. 

LENGTH OF FUEL ROD 

Steady-State Axial Temperature 
''" a Fuel Element 

-^...^ a^ wiLn^ii b o a i u m s t a r t s ... ^ . ^^. ^..ww^i... 

o f ' s l ? L T 2 ^ ' ' " c o m p u t e d . F i g u r e 12 s h o w s t h e r e s u l t s f o r a p o w e r r a m p 

anri 4=;n^"/ • 1^'^' ^ ^ ^ e n t e r m g - s o d i u m t e m p e r a t u r e a n d f l o w r a t e a r e 5 0 0 ° C diiQ tDu g / c m s e c . 
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113-2691 Rev. 1 
Fig. 12. Transient Temperature Distribution on the 

Centerline of a Fuel Element 
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Figures 10-12 show what type of information can be calculated 
as the design of the test loop evolves. Producing the data on each figure 
takes about'lO to 15 min computing time. The calculations were made using 
the heat-transfer module of SASIA. 

The physical properties of the materials are given in Table X. 

TABIE X. Physical Properties of Possible Assembly Materialsl' 

Material: 

(Vlolecuiar weigiit 

Density, g/cm3 

Specilic heal, W-sec/g°C 

Thermal conductivity, W/cm°C 

Coelf. of linear expansion x 10^ 

Melting temp, °C 

Vaporizing temp, °C 

Young's modulus, psi x 10'^ 

Poisson ratio 

_ ,. /barns 
Cross section, O a | j „ 2 / g 

U02 

268 

10.00 

0.395 

0.039 

13.46 

2800 

3200 

20.0 

0.30 

15.14 

SS 

7.92 

0.581 

0.225 

21.6 

1500 

29.0 

0.25 

2.24 

Na 

23 

0.97 

0.700 

1.328 

71 

98 

883 

0.505 

B 

10.82 

2.34 

1.28 

0.92 

8.3 

2300 

2550 

64.0 

750 
42 

Cd 

112.41 

8.65 

0.230 

0.48 

29.8 

321 

767 

8.0 

2450 

12.9 

Hf 

178.6 

13.29 

0.147 

0.205 

5.90 

2130 

5400 

20 

105 
0.39 

Re 

186.3 

21.02 

0.137 

0.545 

6.6 

3180 

5900 

67 

86 
0.23 

Ta 

180.88 

16.6 

0.195 

0.754 

0.8 

2996 

6100 

27 

035 

21 
0.07 

By 

162.46 

8.54 

0.173 

0094 

8.6 

1407 

2600 

9.15 

950 
3.5 

Eu 

152 

5.26 

0.166 

32.0 

826 

1439 

4300 

17 

Gd 

156 

7.90 

0.299 

0.088 

6.4 

1312 

3000 

8.5 

4600 

176 

CdO 

128.41 

6.95 

1426 

m 

24.83 

2.30 

0.540 

0.20 

8.0 

2730 

8.0 
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VI. NEUTRON FILTER 

A. General Discussion 

The low-energy neutron filter is designed to create neutronic con
ditions in the assembly of fas t - reactor fuel elements as nearly like that of 
a fast reactor as can be attained. 

The best filter is the resul t of a judicious balance between the 
ability to produce a desired fission spectrum, the rate of burnup of the 
atoms of the filter mater ia l , the mechanical propert ies of the alloy, the 
availability, the cost of filter mate r ia l s , and the cost of fabrication. 

The ability of the filter to produce the desired fission spectrum is 
treated in Section V. The burnup and mechanical propert ies are treated 
in Sections VI.C-E below. 

The filter mater ia ls used in this test are readily available and in
expensive. The cost of fabrication is not kno\vn at this t ime, but should 
not be an important factor if cadmium or boron is used. If the ra re earths 
are used, both availability and fabrication will be important factors. 

The design and fabrication requirements for the filter are str in
gent. The filter must be uniform in dimensions, and the material must be 
homogeneous and free of cracks and voids. If the filter contains a region 
t ransparent to thermal neutrons, they will s t ream through the filter and 
cause unacceptable local overheating of the test specimens, 

B . Location of Fi l ter 

Whether the filter is located inside or outside the loop is a matter 
of engineering judgment. When the filter is inside the test loop, the fol
lowing conditions prevail: 

1, The heat generated in the filter must be removed by the loop 
heat exchanger. This requires that the heat exchanger be larger ; thus the 
heat exchanger becomes another variable in the decision on the power 
gradients in individual fuel elements, 

2, The temperature of the filter is high, reducing the filter lifetime, 

3, The filter must be of a mater ia l with a melting point higher 
than 700°C, 

4, The diameter of the p ressure shell is la rger . 
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5, It is difficult to change the f i l t e r once it is i n s t a l l e d , 

6 It is imposs ib l e to u s e c a d m i u m m the f i l t e r , b e c a u s e the 

mel t ing point of c admium is 3 0 r C and the sod ium t e m p e r a t u r e i s no t l e s s 

than 500°C, 

7, T h e r e is no m o d e r a t o r be tween f i l te r and t e s t s e c t i o n when the 

f i l ter is located ins ide the loop. 

When the f i l ter is outs ide the t e s t loop, the fol lowing cond i t i ons 

p reva i l : 

1. The f i l ter is e a s i l y changed without d i s tu rb ing the t e s t l oop . 

This is an impor tan t cons ide ra t ion . 

2. The fi l ter is cooled by the r e a c t o r coo lan t , and no l i m i t a t i o n s 
a r e p laced on the th ickness of the f i l ter or on m e l t i n g po in t s g r e a t e r than 
200°C. 

3. Cadmium m a y be u s e d exc lu s ive ly or in conjunct ion wi th o the r 
m a t e r i a l s to provide m o r e f lexibi l i ty in con t ro l l ing the n e u t r o n e n e r g y 
s p e c t r u m . 

4. The re m a y be m o d e r a t o r be tween f i l t e r and t e s t s e c t i o n , u n l e s s 
all the heat is r e m o v e d f rom the outs ide s u r f a c e of the f i l t e r . 

At this t i m e , the locat ion of the f i l te r has not b e e n d e c i d e d upon. 

If the f i l ter is loca ted in the sod ium it m a y be c o m p o s e d of an a l loy 
of boron and aus ten i t i c s t a i n l e s s s t ee l which has a '°B c o n c e n t r a t i o n of 
0.0084 X 10^* a t o m s / c c of a 2 wt % a l loy . The f i l t e r a l l oy wi l l be c lad wi th 
s ta in less s t ee l , or p la ted with some o ther su i t ab l e m a t e r i a l to p r e v e n t 
excess ive c o r r o s i o n after an a p p r e c i a b l e amoun t of b u r n u p . If p l a t ing is 
used , careful se lec t ion and cont ro l of the m e t h o d of p la t ing wi l l be r e q u i r e d 
to ensu re a good bond be tween the f i l t e r a l loy and the p l a t e d m a t e r i a l . The 
fittings at the ends of the f i l ter a r e a u s t e n i t i c s t a i n l e s s s t e e l . 

If the f i l ter is outs ide the loop, the m a t e r i a l wi l l m o s t l i k e l y be 
1 wt % boron s tee l . The r e a s o n for 2wt % for the i n n e r f i l t e r r a t h e r than 
1 wt % is to reduce the t h i cknes s and the t e m p e r a t u r e g r a d i e n t s . 

Boron was s e l ec t ed for the following r e a s o n s : 

1. The absorp t ion c r o s s s e c t i o n of b o r o n is i n v e r s e l y p r o p o r t i o n a l 
to neutron energy , t he reby fulfilling the funct ional r e q u i r e m e n t . 
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2, The cross-sect ion curve does not have any resonances, pre
cluding a possible source of difficulty and uncertainty in calculation, 

3, Boron alloys have been fabricated and applied in a range of 
s izes , shapes, compositions, and isotopic enrichments, thus minimizing 
development and procurement problems. 

The selection of the means of using boron as a filter material was, 
in part , a process of elimination. All ceramics were rejected on the basis 
of possible void formation during operation: fused ceramics , because of 
cracking; and powdered ceramics , because of thermal- or vibration-initiated 
redistribution. From the several cermet and alloy mater ia ls considered, 
borated stainless steel was selected. Boron carbide-stainless steel cer
mets appear at least as good as borated stainless steel, but less informa
tion on boron steel is available, 

C, Atom Burnup' 

The estimate of atom burnup is based on the filter being outside the 
test loop in a relatively cool environment. All irradiation burnup data were 
converted to boron atoms burned per cubic centimeter of alloy. The con
version of boron atoms burned (helium atoms formed) per cubic centimeter 
of alloy is s imilar to the approach taken in APDA- 133," Allowable burnup 
is assumed to depend on the gas pressure developed per unit volume of alloy. 
Figure 13 shows the allowable burnup at different temperatures for the 1% 
boron stainless steel filter in APDA-144.'^ 

The right-hand scale of Fig. 13 is obtained by dividing the left-hand 
scale by the reference design '°B concentratioA (52 x 10^° atoms/cc of alloy). 
For the maximum filter temperature of 154°C, the maximum allowable 
burnup is 20%. (See Section VI.E for determination of filter temperature.) 
Since the left-hand scale is divided by the '°B concentration to obtain the 
right-hand scale, reducing the '°B concentration in the alloy will increase 

the allowable burnup percent for the 
same allowable burnup in a toms/cc . 
Thus, reducing the boron concen
tration by one-half doubles the al
lowable percentage of burnup. 

The allowable burnup for 
temperatures less than 230°C was 
derived from irradiation data in 
Ref, 17, 

Since irradiation data are 
not available for boron stainless 
steel alloys at temperatures greater 
than 230''C, the data had tobe obtained 

400 600 eOO 1000 1200 1400 1600 
TEMPERATURE, 'F 

Fig, 13, Burnup Limitation of 1 wt % 
Boron-Stainless Steel Alloy 
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• n CC =n^v« has n e e l i s i b l e so l id so lub i l i t y in i r o n , Ind i rec t lv The boron m B-SS a l loys Has negiigii. 'i 
B o t o r c o L p o u n d s a r e fo rmed with o ther e l e m e n t s ^ ^ ^ - ^ f ^ ^ / ^ l ^ ^ l . ^ / 
the r e su l t is that the al loy is e s s e n t i a l l y a c e r m e t , a l though the p a r t i c l e 
' s i L r d d i s t r ibu t ion is Zt idea l . A s s u m i n g that th is a l loy ^oes not ac^^ as 
a c e r m e t , conver t the h i g h - t e m p e r a t u r e data (-bove 427 C " ^ l " " ^ ' ^ ^ 
o x i d e - s t a i n l e s s s tee l d i s p e r s i o n s p r e s e n t e d in A P D A - 1 3 3 to B-SS a l l o y s . 
Since four t i m e s as many gas a t o m s a r e f o r m e d for e a c h b o r o n a t o m 
burned as a r e fo rmed for each f i ss ion event , the v a l u e s on the a v e r a g e -
f i s s i o n s - p e r - c u b i c - c e n t i m e t e r curve de r ived f r o m i r r a d i a t i o n da ta of 
u r a m u m d iox ide - s t a in l e s s s t ee l w e r e divided by four to a r r i v e a t abotit the 
same gas p r e s s u r e pe r unit v o l u m e . The a l lowable b u r n u p b e t w e e n 230 
and 427°C was obtained by ex t rapo la t ion of the c u r v e s f r o m both s i d e s of 
this region . 

D. Life of F i l t e r 

1. Design L imi ta t ions 

The opera t ing life of the f i l ter m u s t be d e t e r m i n e d in r e l a t i o n 
to the ETR core life to e n s u r e that the f i l te r life does not r e s t r i c t the 
n o r m a l opera t ion of the e n t i r e ETR fac i l i ty . The o p e r a t i n g life of the f i l t e r 
is r e s t r i c t e d e i ther by i r r a d i a t i o n damage to f i l t e r m a t e r i a l o r by the 
change in flux or power g rad ien t in the fuel e l e m e n t c a u s e d by b u r n u p of 
the '°B a toms of the f i l t e r . Table XI shows the p r o b a b l e l i m i t a t i o n s b a s e d 
on a boron s t a in l e s s s tee l f i l ter for t he se v a r i a b l e s . 

TABLE XI. F i l t e r Des ign L i m i t a t i o n s 

Des ign L i m i t a t i o n 

I r r ad i a t ion damage to f i l te r 20% ' " B b u r n u p 

F u e l - e l e m e n t power ±15% 

Power g rad ien t in t e s t a s s e m b l y 1.5 m a x / m i n 

2, Effect of I r r a d i a t i o n D a m a g e on F i l t e r Life 

F igu re 14 shows the n e u t r o n hea t ing and '°B b u r n u p c h a r a c t e r 
i s t ics of the f i l ter as a function of '°B c o n c e n t r a t i o n in u n i t s of a t o m s / c m ^ 
of filter sur face . The des ign is a s t a i n l e s s s t e e l c y l i n d r i c a l f i l t e r conta ining 
5.2 X 10^1 i»B a t o m s / c c of a l loy. Th i s is equ iva l en t to 2.0 x 10^' a t o m s / c m ^ o f 
the inside surface of the f i l t e r . At th i s c o n c e n t r a t i o n , the d e s t r u c t i o n r a t e of 

B m the f i l ter is 0.66% pe r day. The f i l t e r life w a s e s t i m a t e d by A t o m i c 
Power Development A s s o c i a t e s ' ^ and is shown in T a b l e XII. Sufficient 
cooling is supplied to r e m o v e the n e u t r o n hea t ing of the '°B and the g a m m a 
heating of the s t a in les s s t ee l in the f i l t e r . 
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Fig. 14 

Heating and Burnup Characteristics of 
Thermal-neutron Filter as a Function 
of I'̂ B Concentration 

B-IO, atoms/cm' 

TABLE XII, Fi l ter Life 

Time, 
days 

Fil ter Burnup, 
at, % ' " B 

Power, 
kw/cm 

Power Depression, 
max/min 

0 
20 
40 
60 
80 

0 
12.5 
25.0 
37.5 
50.0 

0.65 
0.68 
0.71 
0.75 
0.79 

1,31 
1,37 
1,44 
1,52 
1,63 

Fi l ter '°B concentration, 2,0 x 10^' atoms/cm^ 
Enrichment, 47,5%, 

Because of irradiation damage considerations, the filter is 
limited to 20% burnup of the '°B atoms, A filter life of approximately 
32 days can be expected before this burnup is exceeded, 

3, Allowable Stress 

In the unirradiated condition, the alloy of boron and stainless 
steel is sufficiently ductile to permit normal forming and machining 
procedures . 

After an appreciable amount of burnup takes place, the boron-
stainless steel alloy becomes britt le at irradiation temperatures of less 
than 250°C, Therefore, to preclude the possibility of cracking because of 
s t r e s se s during irradiation, the filter will be designed so that all deforma
tion will be in the elastic range and so that the maximum allowable s t r ess 
will be 25,000 psi . As determined from postirradiation tensile tests on 
i r radiated mater ia l of approximately the same composition as the filter, 
this amount of s t r ess is well within the allowable l imits . 



44 

4, Allowable F i l t e r Li fe t ime 

Table XII c o m p a r e s f i l ter l i f e t imes b a s e d on f i l t e r i r r a d i a t i o n 
damage , fue l -e lement power , and power d e p r e s s i o n in the a s s e m b l y . T h e s e 
data indicate that the f i l ter life is adequate wi th r e s p e c t to the E T R o p e r a t i n g 
cyc le . 

The al lowable f i l ter burnup can be i n c r e a s e d if (1) the c o n c e n 
t ra t ion of the '°B ( a toms / cc ) is d e c r e a s e d and (2) the f i l t e r t h i c k n e s s i s 
i n c r e a s e d to keep the produc t ( a toms /cm^) cons t an t . F o r example , if the 
f i l ter th ickness is i n c r e a s e d by a fac tor of 3 and the a m o u n t of B is d e 
c r e a s e d to 0,0042 X 1 0 " a t o m s / c c , the a l lowable b u r n u p c a u s e d by i r r a d i a 
tion damage would be i n c r e a s e d to 40%, This p e r c e n t a g e of b u r n u p is 
equivalent to a f i l ter l i fet ime of 53 days . P r e l i m i n a r y c a l c u l a t i o n s show 
that the i n c r e a s e d t e m p e r a t u r e and s t r e s s e s in the f i l t e r , c a u s e d by in 
c r e a s e d gamma heating and a th icke r f i l t e r , i s s t i l l wi th in the d e s i g n 
l imi ta t ion. T e m p e r a t u r e s and s t r e s s e s a r e d i s c u s s e d in Sec t ion E be low, 

E, F i l t e r T e m p e r a t u r e s and S t r e s s e s 

1. Power Genera t ion 

The f i l ter power gene ra t i on is about 300 kW, A s s u m i n g tha t 
two th i rds of the heat gene ra t ed is r e m o v e d f rom the o u t e r s u r f a c e of the 
f i l ter , the m a x i m u m heat flux is about 95 w / c m s e c . 

The boron concen t ra t ion in the f i l t e r is 2,0 x 10^' ' " B a t o m s / 
cm , F igu re 14 shows that the m a x i m u m n e u t r o n - c a p t u r e hea t ing is about 
2.4 k w / c m . F r o m the data in IDO- 16667, '* the m a x i m u m g a m m a hea t ing 
is e s t ima ted to be 2.4 k w / c m . F i g u r e 15 shows the c o m p u t e d c u r v e of 

h e a t - g e n e r a t i o n d i s t r i b u t i o n in the f i l t e r 
wal l at the loca t ion of m a x i m u m h e a t i n g . 

2, T e m p e r a t u r e s 

The b a s i c d i f f e ren t i a l equa t ion 
for t e m p e r a t u r e is 

d^T 1 dT 
dR^ R dR 

H(R) 
K ' 

•where 

Fig, 15. Internal Heat Generation in 
Thermal-neutron Filter as a 
Function of Radius 

T - t e m p e r a t u r e , 

R = r a d i u s of f i l t e r , 

K = t h e r m a l conduc t iv i ty . 



a n d 

H(R) = h e a t - g e n e r a t i o n r a t e . 
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Fig. 16. Radial Temperature Distribution 
in the Filter 

F i g u r e 16 shows the t e m p e r a t u r e 
p ro f i l e for the f i l t e r a s c a l c u l a t e d f rom 
the da ta of F i g . 15, E x a c t d e t e r m i n a t i o n 
of the t e m p e r a t u r e d i s t r i b u t i o n is m a d e 
difficult by bo th the nonun i fo rmi ty of the 
n e u t r o n - c a p t u r e hea t g e n e r a t i o n and by 
the u n c e r t a i n t i e s in the v a l u e s for g a m m a 
h e a t i n g . 

The p rof i l e i s h a r d l y affected by 
a change in s u r f a c e t e m p e r a t u r e ; t h u s , 
the t e m p e r a t u r e g r a d i e n t i s independent 
of the coolan t ve loc i ty . The m a x i m u m 
t e m p e r a t u r e in the f i l t e r i s a p p r o x i m a t e l y 
150°C for the sod ium f lowra te of 439 g / 
c m - s e c . 

3 . S t r e s s e s 

The t h e r m a l s t r e s s e s in the f i l t e r a r e a r e s u l t of the t e m p e r a 
t u r e g r a d i e n t s . The b a s i c equa t ions for the t h e r m a l s t r e s s e s in a hollow 
c y l i n d e r , a s t a k e n f r o m T h e o r y of E l a s t i c i t y , ' ^ a r e 

a E 
1 - 7 R^ 

R' + Ra 
R? - R^ 

/-Rb n 
\ TR dR -. / TR dR - TR" 

a E 
1 - 7 R2 - R 2 

b a 
TR dR 

a n d 

a E 1 rP} - R 
1 - 7 R ' I R{j - R2 

^Rb 
TR dR TR dR 

w h e r e 

a 
E 
7 
R 

t a n g e n t i a l s t r e s s , 
a x i a l s t r e s s , 
coef f ic ien t of t h e r m a l expans ion , 
m o d u l u s of e l a s t i c i t y , 
P o i s s o n ' s r a t i o , 
c y l i n d e r r a d i u s . 
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Rj = inside radius of filter, 

Rb = outside radius of filter, 

and 

temperature. 

Figures 17 and 18 show the thermal s t resses in the filter, calculated from 
the temperature distribution in Fig, 16, The tangential thermal s t r e s s 
reaches a peak value of 9000-psi tension at the inner surface and 7000-psi 
compression near the center of the filter wall. The axial thermal s t r e s s 
peaks at 7000-psi tension and at 3500-psi compression. 
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If the filter can be considered a thin cylinder, the thermal 
stress will be only a function of the difference between the surface tem
perature and maximum temperature. Increasing the filter thickness in
creases the thermal s t ress . The temperature difference increases in 
nearly the same ratio as the thickness. Increasing the thickness increases 
the maximum thermal s t ress to approximately 15,000 psi , which is well 
within the design limit of 25,000 psi. 

Proper design will hold these s t resses to small values, so 
that the combined thermal and mechanical s t ress does not exceed 
26,000 psi. 
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VII. SAFETY ANALYSIS 

A. Analysis of Test Loop 

The analysis of the test loop is the responsibility of both the Idaho 
Nuclear Corporation and Argonne National Laboratory, 

This analysis will present an initial evaluation of the safety aspects 
of a Fuel Element Fai lure Propagation (FEFP) irradiation program for the 
ETR using a l iquid-metal package-loop facility. 

The analysis will include the present status of the safety-related 
package-loop design in sufficient detail to allow independent evaluations 
of the impact of this facility on the ETR and associated experiments. 

The quality assurance and administrative control procedures and 
policies will also be included to provide reliability assurance for the safe 
design and operation of the facility. 

B, Analysis of Test Assembly 

The analysis of the test assembly is an aspect of safety analysis 
concerned with the period of time from the initiation of an accident to the 
failure of one fuel element. An objective of the FEFP program^" is to 
investigate how the loss of s tructural integrity of one fuel element affects 
the other fuel elements in the assembly of elements that constitute the test 
specimen. Thus this is a program of planned accidents with the possibility 
of some unplanned ones, all of which must be contained within a test loop 
located in the J-13 space of ETR, 

The time-dependent sodium pressure resulting from both planned 
and unplanned accidents will be the subject of a later analysis. 

The analysis presented in this report concerns averting damage by 
possible unplanned accidents, such as a loss of filter or coolant. 

The most obvious sources of unplanned accidents in this testing 
technique stem from the loss of filter effectiveness and the loss of sodium 
coolant. The filter effectiveness can be diminished by isotopic changes in 
filter ma te r i a l s , by melting, and by mechanical damage. The ability of the 
sodium to remove heat from the test fuel elements can be diminished by 
pump trouble, by sodium boiling, and by a break in the piping. Any accident, 
short of an instantaneous disintegration of the filter and loss of all sodium, 
will involve a period of time between the instant the filter and/or the coolant 
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effectiveness starts to diminish to the time the UO, mel t s , ^^^ - ^ ^ ^ '^^^^' 
and the stainless steel casing of the UO, melts or rup u re s . The basis of 
this preliminary analysis is the relationship between the period of time from 
the initiation of trouble to the loss in structural integrity of the UO, casing 
and the period of time it takes to detect and control the trouble. The detec
tion and control systems may prevent serious damage to the test loop and 
reactor if these systems can function before the casing of the UO, fails 
from other than indirect causes. 

The intent is to try to estimate the periods of time involved in loss -
of-filter accidents, loss-of-coolant accidents, and the highly improbable 
double accident of filter effectiveness and sodium flow decreasing at the 
same time. 

The filter may lose its effectiveness while the coolant remains at 
full effectiveness, the coolant may lose its effectiveness while the filter 
remains at full effectiveness, or both filter and coolant effectiveness may 
diminish simultaneously. In any case, the result is the same: The tem
peratures and pressures in the test assembly will r i se , and, unless some 
provision is made (such as concurrently lowering the power of the ETR), 
eventually the fuel casing will melt or rupture depending upon the re la 
tionship between the internal pressure , the metal tempera ture , and the 
ductility. The casing will stretch elastically until the yield s t r e s s is ex
ceeded, and then it will stretch in accordance with the theory of plasticity 
until the ultimate s tress is exceeded and rupture occurs . The maximum 
stress and the maximum casing temperature may not occur at the same 
axial position. The maximum stress is likely to occur near the longitu
dinal midpoint of the fuel element, where the UO, s tar ts melting. The 
maximum casing temperature is likely to occur near the end of the fuel 
element, where the sodium starts to boil. The question is where the 
thermoelastic time relationship exists that will cause the fuel-element 
casing to fail in the shortest period of time after the filter s tar ts to dis
integrate and/or the coolant flow star ts to decelerate. If there is no 
appreciable internal pressure , the casing will fail by melting near the end 
of the fuel element; if there is internal p ressure due to expanding UO,, the 
casing will fail by rupture near the midpoint; if there is internal p ressu re 
due to fission gas, the casing will fail near the hottest point. When the 
casing loses its structural integrity, the UO, and sodium can come into 
contact and a thermochemical reaction may occur and produce a rapid in
crease in sodium pressure . 

The physical properties of irradiated stainless steel between 1000 
and 1500°C are not precise. The melting point is around 1500°C. Also, 
the effect of molten UO, and boiling sodium on i r radiated steel and the 
many variables in the transition from elastic to plastic phenomena cause 
uncertainty in the performance of the stainless steel casing in the range 
from 1000 to 1500°C. 



We suggest that the cri ter ion for the structural integrity of the 
casing be 1000°C. As long as the gap between the UO, and its casing is 
maintained at its present value and the tests on new fuel elements are of 
short duration, low contact and fission-gas p ressu res exist and the proba
bility of exceeding the ultimate s t r ess of the steel is low. 
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1, Fil ter 

Because of the short duration of individual tests in the program, 
only mechanical damage and/or melting are likely to cause the filter to 
lose its effectiveness. 

When all the fuel elements in an assembly of 19 are operating 
at the same power, the center fuel element must have a higher enrichment 
than fuel elements in the ring of six and fuel elements in the ring of six 
must have higher enrichment than fuel elements in the ring of 12, The 
tests are planned so that the total power in each fuel element is of the 
order of 45 kW. The average power that can be generated in a fuel ele
ment without melting UO, at the midpoint of the fuel element is calculated 
to be 60 kW, 

The fuel elements are so designed that with the filter in place 
this value of 60 kW per fuel element is not exceeded if the test assembly 
is in the J-13 space and the ETR power does not exceed 175 MW, The 
filter is the equivalent of 35 mils of cadmium. If the filter effectiveness 
diminishes to zero at a rate for which it is impossible to compensate, the 
heating rate of the assembly increases by a factor of 2,62 and the power 
of the fuel elements increases by a factor of 3,2 in the ring of 12, by a 
factor of 1,7 in the ring of six, and by a factor>of 1,4 in the center. 

POWER DISTRIBUTION WITH 35 mil 
cd FILTER 

- POWER DISTRIBUTION WHEN 

FILTER ABSENT 

/ 

As soon as the fuel elements in the ring of 12 melt, their 
shielding effect upon the elements in the rings of six and one is removed 
and the elements in the ring of six melt faster than did those in the ring of 

12, The center fuel element melts faster 
than did those in the ring of 6, This is a 
fuel-failure propagation phenomenon 
unique to this way of testing fast-reactor 
fuel elements or any assembly in which 
the enrichment varies inversely as the 
radius of the assembly. Figure 19 shows 
the distribution of power in a fuel element 
of each ring just before melting. If all 
the fuel elements are operating at 45 k w / 
element, they will all melt. The rates of 
melting increase as successive outer 
rings are removed. 

CENTER I 
ROD 

ROD IN \ 
RING OF 6 

113-2553 
Fig. 19. DistributionofPower in a Fuel Ele

ment with and without a Filter 
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2, C o o l a n t 

S i n c e t h e c h a r a c t e r i s t i c s of t h e f l u i d d y n a m i c s of t h e t e s t l o o p 

a r e n o t k n o w n , t h e d e c e l e r a t i o n of s o d i u m v e l o c i t y ( c o a s t d o w n ) i s m a d e a 

p a r a m e t e r . F i g u r e 20 i s a p l o t of v e l o c i t y v e r s u s t i m e . F o r e x a r n p l e , if 

v e l o c i t y d e c r e a s e s f r o m 4 5 0 t o 210 b / c m ^ - s e c w h e n t h e p o w e r m t h e a s 

s e m b l y i s 60 k w / e l e m e n t , t h e s o d i u m s t a r t s t o b o i l i n 2 . 1 7 s e c . ( F i g u r e 20 

w a s p r e p a r e d b y u s i n g t h e h e a t - t r a n s f e r m o d u l e of t h e S A S I A c o d e . ) 

113-2552 Rev. 1 

Fig. 20, Sodium Velocity vs Time with Flow Decay Constants vs Parameter 

T h e f o l l o w i n g i s a c o n c e p t of a n a c c i d e n t t h a t m i g h t o c c u r 
d u r i n g a t y p i c a l t e s t : T h e t o t a l p o w e r i n e a c h e l e m e n t of t h e a s s e m b l y of 
19 i s 4 5 k W . T h e a v e r a g e p o w e r d e n s i t y i n e a c h e l e m e n t i s 2 0 0 0 w / c m ^ 
of U O , . D u e t o a x i a l b u c k l i n g , t h e m a x i m u m a v e r a g e p o w e r d e n s i t y o v e r 
t h e c r o s s s e c t i o n of a f u e l e l e m e n t a t i t s l o n g i t u d i n a l m i d p o i n t i s 
2600 w / c m ^ of U O , . T h e f i l t e r s t a r t s t o d i s i n t e g r a t e , a n d t h e n i t s e f f e c 
t i v e n e s s b e c o m e s z e r o i n 200 m s e c . T h e t o t a l p o w e r i n a n o u t e r f u e l e l e 
m e n t i n c r e a s e s b y a f a c t o r of 3 . 2 1 i n 2 0 0 m s e c . A t t h e i n s t a n t t h e f i l t e r 
s t a r t s t o d i s i n t e g r a t e , t h e s o d i u m v e l o c i t y s t a r t s t o d e c e l e r a t e f o l l o w i n g 
c u r v e 1 on F i g . 2 0 . 

T h e r e s u l t i s t h a t U O , s t a r t s t o m e l t a t t h e m i d p o i n t of t h e 

e l e m e n t in 0 .6 s e c . T h e s o d i u m s t a r t s t o b o i l i n 0 . 7 9 s e c . A s l o n g a s t h e 

s o d i u m i s i n t h e l i q u i d p h a s e , t h e c a s i n g t e m p e r a t u r e i s a f e w d e g r e e s 

a b o v e t h e s o d i u m t e m p e r a t u r e a l o n g t h e l e n g t h of t h e U O , f u e l e l e m e n t . 

W h e n s o d i u m s t a r t s t o b o i l , t h e d i f f e r e n c e b e t w e e n t h e U O , c a s i n g t e m p e r a 

t u r e a n d t h e s o d i u m t e m p e r a t u r e i n c r e a s e s d u e t o t h e l o w e r h e a t - t r a n s f e r 

r a t e of a v a p o r - l i q u i d m i x t u r e , a n d t h e f l o w of s o d i u m s t a r t s t o s l o w d o w n 

f r o m i t s n o r m a l r a t e of 4 3 9 g / c m ^ t h u s i n c r e a s i n g t h e d i f f e r e n c e i n t e m 

p e r a t u r e b e t w e e n t h e c a s i n g a n d t h e s o d i u m . T h e t e m p e r a t u r e of t h e 

b o i l i n g s o d i u m r e m a i n s c o n s t a n t , b u t t h e t e m p e r a t u r e of t h e c a s i n g i n c r e a s e s 

a s t h e p e r c e n t v a p o r i n c r e a s e s . T h e m a x i m u m c a s i n g t e m p e r a t u r e o c c u r s 

n e a r t h e e n d of t h e e l e m e n t . T h e c a s i n g t e m p e r a t u r e r e a c h e s 1 0 0 0 ° C i n 

0 V 7 s e c a n d i t s m e l t i n g p o i n t of 1500 ' 'C i n 1 .23 s e c . 
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The s t ress in the casing is negligible, since the gap between 
the UO, and the casing is such by design that as the temperature of both 
increase , their relative expansions do not resul t in any appreciable con
tact p re s su re being exerted on the casing. For a smaller gap and/or the 
presence of fission gas, this internal p re s su re can be appreciable. These 
test elements have not been exposed to any appreciable radiation, 

C. Possible Accident Conditions 

Since the higher the power at which the elements are operating 
when an accident occurs the shorter the period of time until the casing 
loses its s t ructural integrity, the following five hypothesized accidents are 
initiated when the fuel elements are operating at 60 kW per element: 

1. The filter is disintegrating from full effectiveness to zero in 
0.2 sec, and the sodium pump is running at full power. The fuel element is 
in the ring of 12 m an assembly of 19 fuel elements, and power in the fuel 
element increases by a factor of 3.21 in 0.2 sec. 

2. The filter is disintegrating from full effectiveness to zero in 
0.1 sec, and the sodium pump is running at full power. The fuel element 
is in the ring of 12 in an assembly of 19 fuel elements, and power in the 
fuel element increases by a factor of 3.21 in 0.1 sec. 

3. The filter remains intact, and the sodium pump stops. The 
sodium velocity is shown by curve 1 of Fig. 20. The fuel element is in the 
ring of 12 in an assembly of 19 fuel elements, and power in the fuel element 
remains constant, 

% 
4. The filter is disintegrating from full effectiveness to zero in 

0.2 sec, and the sodium pump stops at the instant the filter s tar ts to go. The 
sodium velocity follows curve 1 of Fig. 20. The fuel element is in the ring 
of 12 in an assembly of 19 fuel elements, and power in the fuel element in
creases by a factor of 3.21 in 0.2 sec. 

5. The filter is disintegrating from full effectiveness to zero in 
0.1 sec , and the sodium pump stops at the instant the filter s tar ts to go. The 
sodium velocity follows curve 1 of Fig. 20. The fuel element is in the ring 
of 12 in an assembly of 19 fuel elements, and power in the fuel element in
c reases by a factor of 3.21 in 0.1 sec. 

Table XIII l ists the thermodynamic conditions prevailing during 
each of the five hypothesized accidents. 
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TABLE XIIL T h e r m o d y n a m i c Condi t ions d u r i n g 
Hypothes ized A c c i d e n t s 

Hypothes ized Accident No.: 1 

Total power in fuel e l e 
men t at t ime z e r o , kW 

Average power dens i ty at 
cen te r of fuel e l emen t at 
t ime z e r o , w / c m ^ of UO, 

Sodium flow at t ime z e r o , 

Sodium inlet t e m p e r a t u r e , 
°C 

Maximum UO, t e m p e r a 
t u r e , °C 

T ime until UO, s t a r t s to 
m e l t , sec 

Time until sodium s t a r t s 
to boi l , sec 

T ime unti l casing r e a c h e s 
1000°C, sec 

Time until cas ing r e a c h e s 
1500°C, sec 

S t r e s s at hot tes t spot of 
cas ing , dynes /cm^ 

Maximum s t r e s s in 
cas ing , dynes / cm^ 

Dis tance of m a x i m u m 
s t r e s s f rom inlet end of 
fuel e l emen t , cm 

60 60 60 60 60 

3900 

439 

500 

3091 

0.400 

0.629 

0.525 

1.016 

Negl . 

Negl . 

3900 

439 

500 

3112 

0.385 

0.578 

0.495 

0.899 

Negl . 

Negl . 

3900 

439 

500 

2605 

3.643 

2.168 

2.030 

3.648 

Negl . 

Neg l . 

3900 

439 

500 

3004 

0.309 

0.545 

0.487 

0.845 

Neg l . 

Neg l , 

3900 

439 

500 

3008 

0,380 

0,504 

0 ,465 

0.725 

Neg l , 

Neg l . 

° - Effect of F i l t e r L o s s upon Reac t iv i ty of E T R 

The e x p e r i m e n t s p lanned for the E T R inc lude up to 19 UO, fuel e l e 
ments su r rounded by a n e u t r o n f i l te r d e s i g n e d to r e m o v e l o w - e n e r g y n e u 
t r o n s ^ The m a t e r i a l s and loca t ion of th i s f i l t e r wi l l be c h o s e n to r e d u c e the 
poss ibi l i ty of loss to an accep t ab ly low v a l u e . S ince the p o s s i b i l i t y canno t 
be complete ly e l imina ted , Idaho N u c l e a r C o r p o r a t i o n wil l a n a l y z e the r e a c 
tivity effect of such a loss on the E T R . 
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The accident model assumes the filter fails in 200 msec. This 
represented a conservative value with respect to melt-slumping mechanisms 
or mechanical loss . 

The power tr ip level for ETR scram is 210 MW, and the scram 
delay is 20 msec . The total reactivity is 6.62 dollars , the fuel expansion 
coefficient is 0,00147 dol lar /°F, and the moderator coefficient is 
0,02649 dol lar /°F, 

E, Conclusions 

1, The physical propert ies of UO,, CdO, boron, and stainless steel 
at high temperatures and the concurrent phenomena of melting UO, and 
boiling sodium are encumbered with uncertainties and lack of experimental 
verification. It is therefore concluded that the casing may lose its s t ruc
tural integrity whenever thermoelastic conditions are concomitant with a 
r ise in casing temperature from 1000 to 1500°C (the melting point of stain
less steel). 

The stainless steel casing of the fuel element reaches 1000°C 
in 0,465 sec for the conditions of the improbable double accident (hypothe
sized accident No. 5). The estimated time to detect trouble and scram the 
ETR is 0.260 sec. Since the melting point of the filter material is above 
1500°C, and since the structural integrity of the filter is enhanced by its 
stainless steel casing, the probability of losing a filter is very low. In the 
event of this highly improbable double accident (hypothesized accidents, 4 
and 5), the t ime required for the casing to reach 1000°C is 1,72 times as 
long as the period of time required to detect the trouble and scram the 
ETR. The period of time for the casing to rea'ch 1500°C is 2,68 times as 
long as the period of the estimated time required to detect the trouble and 
scram the ETR, 

2, The time required for a melting filter to be removed from the 
test section is estimated to be 0,2 sec. If this should actually be 0,1 sec, 
time for the casing temperature to reach 1000°C would be reduced by 
0,03 sec. This change is largely due to the low thermal conductivity of UO,, 

3, The size of the gap between the UO, and the inside surface of 
the stainless steel casing determines what s t ress will exist, provided the 
fuel elements a re not in the reactor long enough to build up fission-gas 
p r e s s u r e . In these experiments , the gap is wide enough not to cause any 
appreciable s t r e s s , the fuel elements are all new, and the tests are of such 
duration that no fission-gas p ressure occurs . 
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VIII, SHUTDOWN T E M P E R A T U R E LIMITATIONS 

A, Allowable P o s t i r r a d i a t i o n T e m p e r a t u r e s 

At any t ime af ter n o r m a l in -p i l e loop o p e r a t i o n , the t e m p e r a t u r e 
of the individual fuel e l e m e n t s r e su l t i ng f rom decay hea t ing of the fuel 
m u s t be l imi ted to p reven t p o s t i r r a d i a t i o n changes in the m e t a l l u r g i c a l 
p r o p e r t i e s of the fuel. If e x c e s s i v e t e m p e r a t u r e s o c c u r r e d a f t e r i r r a d i a 
t ion, the r e su l t an t changes in the p r o p e r t i e s of the fuel e l e m e n t m i g h t be 
indis t inguishable f rom the i r r a d i a t i o n e f fec t s . 

To e s t ima te the m a x i m u m al lowable t e m p e r a t u r e a f te r shutdown 
for m e t a l l i c , c e r m e t , and c e r a m i c fuel e l e m e n t s , da ta f r o m p o s t i r r a d i a t i o n 
heating of the va r ious e l e m e n t s should be e x a m i n e d . This e x a m i n a t i o n 
would indicate what sur face t e m p e r a t u r e would be a l lowab le for UO, fuel . 
At these t e m p e r a t u r e s , the c r e e p p r o p e r t i e s of the m a t e r i a l s beg in to d e 
c r e a s e , and swell ing m a y occur b e c a u s e of f i s s i o n - g a s p r e s s u r e . The u s e 
of sur face t e m p e r a t u r e ins t ead of c e n t r a l t e m p e r a t u r e is p e r m i s s i b l e , 
s ince the t e m p e r a t u r e drop in the individual fuel e l e m e n t s i s s m a l l a f te r a 
decay t ime of one day. 

A m a x i m u m al lowable shutdown t e m p e r a t u r e of 700°C is s u g g e s t e d . 

B, Decay -hea t Gene ra t ion 

The decay -hea t gene ra t i on f rom a t e s t a s s e m b l y is a funct ion of 
the following f ac to r s : 

1, Res idence t i m e of the t e s t a s s e m b l y in the r e a c t o r , 

2, Operat ing power of the t e s t a s s e m b l y , 

3, T ime s ince r e a c t o r shutdown (decay t i m e ) . 

Re la t ive d e c a y - h e a t g e n e r a t i o n 
was c a l c u l a t e d for s e v e r a l r e a c t o r r e s i 
dence t i m e s u s ing the m e t h o d e m p l o y e d 
by P e r k i n s , ^ ' The r e s u l t s of t h e s e c a l 
cu la t ions a r e shown in F i g . 2 1 . ' ^ 

If the coo lan t p u m p and the hea t 
e x c h a n g e r a r e o p e r a t e d a f t e r the r e a c t o r 
is shut down, the m a x i m u m f u e l - e l e m e n t 
s u r f a c e t e m p e r a t u r e wi l l be a p p r o x i 
m a t e l y 700°C, i r r e s p e c t i v e of d e c a y t i m e . 
The m o s t s e v e r e h e a t - t r a n s f e r cond i t ions 

DECAY TIME, days 

Fig, 21, Decay Heat of Seven-fuel-
element Test Assembly 



o c c u r if the s o d i u m coolan t i s d r a i n e d f r o m the fuel a s s e m b l y and if s t a g 
nan t h e l i u m s u r r o u n d s the e l e m e n t s wi th in the fuel a s s e m b l y . Hea t -
t r a n s f e r c a l c u l a t i o n s show tha t the fuel s u r f a c e t e m p e r a t u r e wi l l e x c e e d 
700°C in l e s s than 1 m i n . F o r th i s r e a s o n , the fuel a s s e m b l y m u s t be i m 
m e r s e d in s o d i u m du r ing a l l o u t - o f - p i l e o p e r a t i o n s a f t e r i r r a d i a t i o n . 
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If the coo lan t p u m p is shut down a f t e r the r e a c t o r is shut down, the 
s u r f a c e t e m p e r a t u r e of the fuel a s s e m b l y wi l l r i s e to an e q u i l i b r i u m t e m 
p e r a t u r e Tvhich i s dependen t on the d e c a y - h e a t g e n e r a t i o n and the t h e r m a l -
r e s i s t a n c e c h a r a c t e r i s t i c s of the loop w a l l s and h e l i u m annul i . 
H e a t - t r a n s f e r c a l c u l a t i o n s have b e e n m a d e to d e t e r m i n e the e q u i l i b r i u m 

fuel s u r f a c e t e m p e r a t u r e a f te r 2000 h r 
J. of r e a c t o r o p e r a t i o n be fo re shutdown. 

C a l c u l a t i o n s w e r e p e r f o r m e d with the 
loop i m m e r s e d in w a t e r (na tu ra l con
vec t ion ) and wi th the loop in an a i r 
e n v i r o n m e n t ( forced convec t ion) . The 
r e s u l t s of t h e s e ca l cu l a t i ons a r e shown 
in F i g , 22, '5 

TEST ASSEMBLY P0WER-I50kw 
REACTOR EXPOSURE TIME-2000h -

LOOP IN AIR 

LOOP IN WATER 

uJ I C, M i n i m u m D e c a y T i m e 

DECAY TIME, doys 

Fig. 22. Surface Temperature of Elements 
in a Seven-fuel-element Assembly 

The c u r v e s in F i g . 22 ind ica te 
that once the r e a c t o r has b e e n shut 
down the p u m p s and the hea t e x c h a n g e r 
m u s t o p e r a t e for about 8 h r to e n s u r e 

tha t the m a x i m u m s u r f a c e t e m p e r a t u r e of 7000°C is not exceeded for the 
c e r m e t and c e r a m i c fuel e l e m e n t s . An add i t iona l 16 h r decay in w a t e r 
i s n e e d e d b e f o r e the loop m a y be r e m o v e d f r o m the w a t e r and exposed to 
a i r . 

IX. LOOP HANDLING 

R e m o v a l of the loop f r o m the r e a c t o r v e s s e l is n e c e s s a r y at 
a p p r o p r i a t e i n t e r v a l s for i n s p e c t i o n and m a i n t e n a n c e of the loop and the 
t e s t a s s e m b l y . R e p l a c e m e n t of the t h e r m a l - n e u t r o n f i l te r and the fuel 
e l e m e n t wi l l be r e q u i r e d a t a p p r o x i m a t e l y 2 - m o n t h i n t e r v a l s . 

The m o s t s ign i f i can t f a c t o r s involved in handl ing the loop a r e the 
s i z e and we igh t of the loop , the r a d i o a c t i v i t y of loop c o m p o n e n t s , the fuel-
e l e m e n t d e c a y h e a t , the r e a c t i v i t y of the sod ium wi th a i r and w a t e r , and 
the r e q u i r e m e n t to keep the loop in a pos i t ion not m o r e than 30° f r o m the 
v e r t i c a l p o s i t i o n . APDA e s t i m a t e d the s o u r c e s t r e n g t h s of the s o d i u m 
c o n t a i n e d wi th in the loop , fuel , and s t a i n l e s s s t ee l c o m p o n e n t s . T h e s e a r e 
p r e s e n t e d h e r e in T a b l e XIV to ind ica te o r d e r of m a g n i t u d e . All sh ie ld ing 
r e q u i r e m e n t s for loop handl ing and h o t - c e l l o p e r a t i o n s have been b a s e d on 
t h e s e c a l c u l a t i o n s . 
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TABLE XIV. Source S t r eng ths of Loop C o m p o n e n t s a 

Sodium F u e l - s p e c i m e n S t a i n l e s s S t e e l 
Decay T ime G a m m a C u r i e s b G a m m a C u r i e s b G a m m a C u r i e s b 

0 

I h r 

2,4 hr 

1 day 

1 -week 

1 month 

1 21 X 10* 

1.16 X 10* 

i '^'^ X 10-' 

5,14 X 10° 

5 61 X 10"^ 

1.63 X 10^ 

9 3 X 10* 

5.33 X 10* 

2 48 X 10* 

1 25 X 10^ 

1.18 X 10^ 

^A r e a c t o r exposu re of 10 000 h r was u s e d m t h e s e c a l c u l a t i o n s 
-"One g a m m a cur ie = 3.7 1 0 ' g a m m a - p h o t o n s / s e c and is equa l to 
the ac tua l cu r i e va lue divided by the n u m b e r of g a m m a s p e r 
d i s in t eg ra t ion 

The d e c a y - h e a t p r o b l e m p r e s e n t s s e v e r a l c o m p l i c a t i o n s . As shown 
in Sect ion VIII.C, p r e l i m i n a r y ca l cu la t ions of shutdown fuel t e m p e r a t u r e 
indicate that whe the r or not the fuel can be a d e q u a t e l y coo led is m a r g i n a l , 
un le s s the decay heat is r e m o v e d by f o r c e d cool ing for about one day a f t e r 
r e a c t o r shutdo'wn. T h e r e f o r e , the handl ing p r o c e d u r e s d e s c r i b e d h e r e a r e 
b a s e d on keeping the loop in ope ra t i on ins ide the r e a c t o r v e s s e l for one day 
after r e a c t o r shutdown before a t t emp t ing l o o p - t r a n s f e r o p e r a t i o n s . T h i s 
r e q u i r e m e n t m a y compl i ca t e r e a c t o r o p e r a t i n g p r o c e d u r e s : t h e r e f o r e , a 
m o r e deta i led study should be m a d e of the d e c a y - h e a t p r o b l e m to a s c e r t a i n 
whether the delay occas ioned by the n e c e s s i t y for cool ing the loop a f t e r 
shutdown can be avoided. 

The s ize of the loop as f inal ly d e s i g n e d wi l l d e t e r m i n e the m e t h o d 
of removing the loop f rom the r e a c t o r . 

E m e r g e n c y condi t ions that migh t a r i s e du r ing loop t r a n s f e r o p e r a 
tions and the methods of coping wi th t h e s e s i t ua t i ons m u s t be a n a l y z e d in 
detai l 
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APPENDIX A 

A List of the Test and Experimental Reactors in the U.S.A. 

MKR 

AE-6 

AFSR 

AGN-211-103 

ALRR 

ARGONAUT 

ARR 

A11I 

BGRR 

BORAX-1 

BORAX-2 

BORAX-3 

BORAX-4 

BORAX-5 

BRR 

BSR-1 

BSR-Z 

BAWTR 

BUFFALO REACTOR 

CLEMENTINE 

CP-1 

CP-5 

CWRR 

EBOR 

EBR-I 

EBR-II 

EBWR 

ESADA-VESR 

Ere 
FFIF 

FNR 

CFn) 

HEW-305 

HFBR 

HFIR 

HHUi 

HPRR 

HRE-1 

HRE-2 

HWCTR 

HYPO 

IRL 

ISU-UTR-10 

JUCCERNAUT 

KEWB 

L-n 
LAMPRE 

LAPRE-1 

LAPRE-2 

Date ot 
Criticality 

1971 

W52/19S6 

H5» 

1959 

1964 

1957 

1956 

1968 

195<V1958 

1953 

1954 

1955 

1956 

1962 

1956 

1950 

1959 

1961 

1946 

194! 

1954 

1958 

1964 

1951 

1963 

1956 

1963 

1957 

1973 

1957 

1958 

1945 

1965 

1965 

1960 

1963 

1952 

1957 

1962 

1944 

1959 

1959 

1962 

1956 

1958 

1959 

1956 

1959 

location 

Argonne, I I I . 

Santa Susana. Cal. 

Argonne. I I I . 

Morgantown. W. Va. 

Ames. Iowa 

Argonne, I I I . 

Chicago. I I I . 

Idaho Falls. Idaho 

Brookhaven. N.Y. 

Idaho Falls. Idaho 

Idaho Falls, Idaho 

Idaho Falls, Idaho 

Idaho Falls, Idaho 

Idaho Falls, Idaho 

West lefferson, Ohio 

Oak Ridge, Tenn. 

Oak Ridge. Tenn. 

Lynchburg. Va. 

Buffalo, N.Y. 

Los Alamos. N.M. 

Chicago. III. 

Argonne. 111. 

Quehanna, Pa. 

Idaho Falls. Idaho 

Idaho Falls. Idaho 

Idaho Falls. Idaho 

Argonne. III. 

Pleasanlon. Cal. 

Idaho Falls, Idaho 

Richland, Wash, 

Ann Arbor, Mich. 

Pleasanlon, Cal, 

Richland, Wash, 

Brookhaven, N.Y. 

Oak Ridge. Tenn. 

Watertown. Mass. 

Oak Ridge, Tenn, 

Oak Ridge, Tenn, 

Oak Ridge. Tenn. 

Aiken, 5.C, 

Los Alamos, N.M. 

Piainsboro. N.l. 

Ames, Iowa 

Argonne, III. 

Santa Susana, Cal. 

tos Angeles. Cal. 

Los Alamos, N.M. 

Los Alamos, N.M. 

Los Alamos. N.M. 

Type 

Tank, 93* U. H2O 

Aqueous homogeneous. 

Fast, 90ft U, air 

93% U, 

Solid homogeneous, 2(ft U, 

Tank, 94% U, HjO 

Argonaut, 2W U, graphite. 

Aqueous homogeneous. 

Tank, 9 » U, HjO 

93ft U. graphite, air 

Tank. 9Clft U, H20 

Tank, 9(>ft U, H20 

Tank, 90ft U, H20 

Tank, 901 U-Th, HjO 

Tank, 90ft U, H20 

Pool, 90ft 0, H2O 

Pool, 93% U, HjO 

Pool, 93% U, H2O 

Pool, H2O 

Pool, 90% U, H2O 

Fast, Pu, Hg 

Natural U, graphite 

Tank, 90ft U, D2O 

Pool, 93% U, H20 

H2O 

polyethylene 

water 

88% U, H2O 

Solid homogeneous, 62,5% U, BeO, He 

Fast, Pu, NaK 

Fast, Pu, Na 

Tank, 0, H2O 

Tank, 5,4% U, H2O 

Tank, 93ft 11, H2O 

Fast, U-Pu, Na 

Pool, 90% U, H2O 

Tank, 90% U, HgO 

Natural U, graphite 

Tank, 90% U, D2O 

Tank, 9Jft U, H2O 

Pool, 9 » U, H2O 

Fast, 93% 11 

Aqueous homogeneous. 

Aqueous homogeneous. 

Tank, 93% 0, D2O 

Aqueous homogeneous. 

Pool, 90ft U, H20 

* 

93ft U, 

93ft U, 

H2O, D2O refl. 

O2O 

14,5% U, H20 

Argonaut, 92ft U, graphite. 

Argonaut, 93% Ll, graphite. 

Aqueous homogeneous. 

Aqueous homogeneous. 

Fast, Pu, Na 

Aqueous homogeneous. 

Aqueous homogeneous, 

H20 

H2O 

93% U, 

20% U, 

93% U, 

93% U, 

H2O 

H2O 

H2O * H3PO4 

H20 + H3PO4 

Outpul 

100 MW 

2 kW 

1 kW 

75 W 

5 MW 

10 kW 

100 kW 

250 MW 

20 MW 

Destroyed 1954 

Shut doivn 1958 

Shut down 1956 

Shut down 1958 

Shut ddwn 1964 

2MW 

1 MW 

750 kW 

6 MW 

1 MW 

25 kW 

200 W 

5 (WW 

Shut down 1966 

Terminated 1966 

Shut down 1964 

62.5 MW 

Shut down 1967 

Shut down 1967 

175 MW 

400 MW 

1 MW 

50 MW 

30 W 

40 MW 

lOO MW 

1 MW 

1 kW 

Shut down 1954 

Shut down 1961 

Shut down 1964 

6 kW 

1 MW 

10 kW 

250 kW 

50 kW 

low 
Shut down 1963 

Shut down 1957 

Shut down 1959 

fVlakimum 
Thermal Flux, 

n/cm 

5 ; 

8 : 

Fast 6 ) 

3 l 

17 1 

2-sec 

< 10'5 

<io i " 

, lO'l 

do ' 
1 0 " 

< 1 0 " 

2 X 10'^ 

1.8 > 

12 X 

Fast 5 X 

4 x 

5 x 

1.4 X 

2 x 

1.35 X 

7x 

5 x 

Fast 1.5 X 

1.9 1 

7 l 

1.3! 

4 l 

7 ; 

2.5: 

1015 

1013 

1 0 " 

10» 

1 0 " 

lOW 

1 0 " 

loiz 

10' 

10» 

1 0 " 

1015 

1 0 " 

1 0 " 

10' 

1 0 " 

lois 

10" 

10' 

, 1 0 " 

, 1 0 " 

• lo ' i 

, lo'z 

< lo ' i 

K 10* 



58 

LITR 

LOFT 

LOPO 

LPR 

LPTR 

MITR 

MRR 

MSRE 

MTR 

NASA-MUR 

NASA-TR 

NBSR 

NCSCR-3 

NSR 

NTR 

OMRE 

ORR 

OWR 

PBF 

PCJR 

PDP 

PR 

PRPR 

PRR 

PRTR 

PSR 

RSCW 

SER 

SP 

SPERT-1 

SPERT-2 

SPERT-3 

SEFOR 

SRE 

SPERT-4 

SPR 

SPR 

SR-305 

SUPO 

TREAT 

TRIGA 

TRR 

UCC-ND 

UCNCR 

UFTR 

UHTREX 

UTR-1 

UVAR 

UWNR 

UWRR 

VBWR 

VPI-UTR-10 

WPIR 

WTR 

X-10 

Date of 
Criticality 

1950 

(1970) 

1944 

1958 

1957 

1958 

1959 

1964 

1952 

1964 

1961 

1965 

I960 

1958 

1957 

1957 

1958 

1956 

(1970} 

1955 

1953 

1959 

1960 

1959 

1960 

1955 

1961 

1953 

1955 

1959 

1958 

1968 

1957 

1962 

1959 

1961 

1952 

1941/1951 

1959 

1958 

1951 

1961 

1961 

1959 

1967 

1958 

1960 

1961 

1959 

1957 

1959 

1959 

1959 

1943 

Location 

Oak Ridge. Tenn. 

Idatio Falls, Idatio 

Los Alamos, N.M. 

Lynchburg, Va. 

Livermore, Cal, 

Cambridge, Mass. 

Upton, N.Y. 

Oak Ridge, Tenn. 

Idatio Falls, Idaho 

Sandusky, Ohio 

Sandusky, Ohio 

Gaithersburg, Md, 

Raleigh. N.C. 

Upton. N.Y. 

Pleasanlon, Cal. 

Idaho Falls, Idaho 

Oak Ridge, Tenn. 

Los Alamos, N,M, 

Idaho Falls, Idaho 

Richland. Wash. 

Aiken, S.C. 

Pawling, N.Y, 

Mayaguez, P.R, 

Mayaguez, P.R. 

Richland. Wash. 

Pennsylvania 

Pullman. Wash. 

Sandia Base, N,M. 

Aiken, S.C. 

Idaho Falls, Idaho 

Idaho Falls. Idaho 

Idaho Falls. Idaho 

Strickler, Ark. 

Santa Susana, Cal. 

Idaho Falls, Idaho 

Stanford, Cal. 

Sandia Base, N.M. 

Aiken, S.C. 

Los Alamos. N.M. 

Idaho Falls, Idaho 

San Diego, Cal. 

Richland, Wash. 

Sterling Forest, N.Y. 

Tuxedo, N.Y. 

Gainsville, Fla. 

Los Alamos. N,M. 

Mountain View, Cal. 

Charlottesville, Va. 

Madison. Wis. 

Laramie, Wyo. 

Pleasanlon. Cal. 

Blacksburg, Va. 

Worcester, Mass. 

Waltz Mill, Pa. 

Oak Ridge, Tenn. 

Type 

Tank, 3 m U, HjO 

Tank, H^O 

Aqueous homogeneous, 15% U, H2O 

Pool, 90% U, H2O 

Pool. 93% U, H20 

Tank, 90% U, D2O 

Tank, 90% U, DjO 

93% U, graphite, molten salt 

Tank, 93% U, H20 

Tank, 93% U, H^O 

Tank, 93% U, H20 

Tank, 90% U, H20 

Pool, 90% U, H^O 

Tank. 90% U, H2O 

Tank, 90% U, H2O 

Natural U, organic moderator 

Tank, 90% U, H2O 

Tank, 95'S U, H2O 

Tank 

90% U, graphite 

Tank, variable fuel. D2O 

Tank, 92.5% U. D2O 

Pool, 20% U, H20 

Aqueous homogeneous, 20% U, H2O 

Tank, Pu + U, D2O 

Pool, 93% U, H2O 

Pool, 90% U, H2O 

Tank 

Tank, 90% U, H2O 

Pool, 93% U, H2O 

Tank, 93% U. HjO or D2O 

Tank, 94% U, H2O 

Fast. U-Pu, Na 

Tank, Graph, Na 

Pool, 93% U, H2O 

Pool. 94% U, H2O 

Transient 

Natural U, graphite 

Aqueous Homogeneous, 89% U, HjO 

Solid Homogeneous. 93% U, 

Solid Homogeneous, 20% U, 

Tank, 93^ D, H2O 

Pool 

Pool, 93% U, H2O 

Argonaut, 20% U, graphite. 

93% U, graphite, He 

Argonaut, 93% U, graphite. 

Pool. 20% U, H^O 

Pool, 90% U, HjO 

graphite, air 

ZrH + H2O 

H20 

H20 

Aqueous homogeneous, 20-90% U, H2O 

Tank, H^O 

Argonaut, 90% U, H2O 

Pool, 90% U, H2O 

Tank. 93% U, H20 

Natural U, graphite, air 

Output 

3MW 

50 MW 

0.01 W 

1 MW 

2 MW 

2 MW 

5MW 

10 MW 

40 MW 

100 kW 

60 MW 

10 kW 

10 kW 

100 kW 

30 kW 

Shut down 1963 

30 MW 

8 MW 

20 MW 

10-100 W 

I k W 

5 W 

I M W 

low 
120 MW 

200 kW 

100 kW 

5MW 

10 MW 

Shut down 1964 

Shut down 1965 

60 MW Transient 

20 MWt 

Shut down 1966 

Transient 

10 kW 

Shut down 1967 

25 W 

25 kW 

1000 MW-sec 

250 kW 

100 W 

5 MW 

5 MW 

10 kW 

3MW 

i w • 

I M W 

10 kW 

low 
Shut down 1963 

10 kW 

1 kW 

Stiut (town 19623 

3.5 MW 

Thermal Flux, 
n/cm^-sec 

3.5 X 10'^ 

Not available 

4.3 X 10'^ 

5 X 10^3 

4.7 X 10^^ 

8.4 X 10*^ 

4.8 X 1 0 " 

5 X 10^' 

3 X IOII 

low 

1.5 X 10^^ 

5 X lOlO 

9 X 10*1 

4 X 10^^ 

109 

# 
2 x 10^ 

5 X 10^2 

2.5 X 108 

lOW 

3.5 X I0 '2 

1.1 X 10^2 

3 X lO l l 

6 X lO^'l 

loii 

2 x 10' 

1.2 X 10^2 

2 X 10^6 

1 0 " 

3.3 X 10' 

lOW 

loii 
5.5 X 10^3 

10? 

2.6 X 10^3 

1 0 " 

2.5 X 10* 

1.5 X 10^^ 

9 x 10' 

1.1 X 10^2 

^Reactivated 1968. 
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APPENDIX B 

Possible Reactors for F E F P Program 

1, Advanced Test Reactor (ATR) 

The ATR is owned by the AEC and will be operated by Idaho Nuclear 
Corporation. The reactor is presently being tested and should be ready for 
operation in 1970. This reactor has nine in-core loop positions, each 
5.25 in. in diameter . At a reactor power of 250 MWt, the fast flux in these 
test holes is 15 x 10 nv. Fur the rmore , the core height is 49.5 in. The 
ATR could accommodate a 5-in.-diam concentric loop design, and most 
of the thermal flux could be masked out to obtain a high epithermal flux. 

The license would have to be changed for the installation of a 
sodium loop, and the sodium/water safety analysis would have to be made. 
The absence of water in the test thimbles is a safety advantage, but poses 
additional problems on heat removal from the sodium and neutron shield. 
Scheduling our experiments not to conflict with other users is uncertain, 
since complete schedules have not been developed at this t ime. The reactor 
has been designed to accommodate loops, and there should be little inter
ference with overhead operating mechanisms in the reactor. The control 
rods are driven from the bottom by a horizontal drive rod. 

The ATR is heavily committed to U.S. Navy reactor testing program, 
and consequently scheduling and availability will probably be difficult. The 
power level would be controlled by the principal user , and the flexibility 
required for our experiments may not be attainable. 

2. Babcock and Wilcox Test Reactor ( B A W T R ) 

Pool-type reactors make up almost half of a list of experimental 
and test r eac to r s . Most of these are low-power training reactors con
structed by universi t ies to ass is t in teaching nuclear courses. The analysis 
of the BAWTR shows that, even at 6 MW, there is insufficient epithermal 
flux to obtain 20 kW/ft in our test elements. This type of reactor must 
essentially be rebuilt to a power of about 20 MW and an average power 
density of 400 kW/li ter in the core. More than a million dollars would 
be needed for this modification. 

The BAWTR is owned and operated by the Babcock and Wilcox 
Company. The reactor has a low flux (3 x lO' ' nv), a large research 
facility (6 by 6 in.), and a good core height (30 in.). According to the B&W 
analysis , even the 1.2 x lO'* thermal flux produces only 18 kW/ft in the 
test element. To ra ise the reactor power rating to 20 MW, a major redesign 
of the reactor would be necessary, including pressurizat ion, at considerable 
cost, perhaps severa l million dollars. The attendant increase by a factor of 
about three in specific power would still be insufficient for the tests in this 
p rogram. 
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Possibly a modified Mark-II loop could be accommodated in a 

Such modification would result in essentially a new core and would require 
considerable physics and hazards analyses. 

The BAWTR, operating at 6 MW. provides only a fraction of the 
required power density (even with full sample enrichment) for reasonably 
uniform specific power-density distributions through and among elements, 

3. Engineering Test Reactor (ETR) 

The ETR is owned by the AEC and operated by Idaho Nuclear 
Corporation. The reactor has been used for research and isotope production 
since 1958. The active core height is 3 ft, and there a re nine high-flux test 
holes suitable for loop installation. These test facilities vary in size from 
3 to 9 in. square. The reactor power is 175 MW, and a fast flux of 3 x 10 nv 
is available in the test facilities. The ETR can easily accommodate all the 
tests contemplated in our program. With reasonable masking and enrich
ment, preliminary uniformity estimates by Idaho Nuclear indicate a 3% 
variation in fission densities across pins and a 10% variation across a 
subassembly. 

A change in license either would not be needed or would be obtained 
readily, since Prat t and Whitney has already installed a sodium loop in the 
ETR. In addition, the sodium/water reactions have been assessed . The 
control-rod drive mechanisms are located below the core and would not 
interfere with a loop installation. There appears to be ample space above 
the reactor for loop auxiliary equipment. 

The principal problems in the use of this reactor a re the conflict 
with other users and the availability of the test facilities when needed 
Scheduling of experiments may impose serious limits on the number of 
experiments that can be performed in a reasonable length of t ime. If a 
test were scheduled at the end of each six-week reactor cycle, about six 
to eight experiments could be performed in a year . This number seems 
adequate for the first year 's testing, if the amount of analysis and the 
number of posttest examinations are considered. In subsequent yea r s , as 
the principal user moves his tests to the ATR, more failure-propagation 
tests can be scheduled. If scheduling and availability problems can be 
worked out, the ATR represents one of the best facilities for our experiments. 

4, General Electric Test Reactor (GETR) 

The GETR is a tank-type, 30-MW, mater ia ls - tes t ing reac tor , owned 
and operated by General Electric Company. The thermal flux (2 x l O " nv) 
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and fast flux (5 x l O " nv) a re both high; the core height is 3 ft; but the 
available high-flux research modules a re only 3 in. square- -a minimum 
value. The control-rod drive is at the bottom of the reactor , where the 
control rod will not interfere with a loop installation. The handling of 
l iquid-metal capsules (but not loops) and a power increase to 50 MW were 
recently approved for GETR by the AEC Division of Reactor Licensing. 

At 50 MW, the GETR can produce high specific powers in test 
samples, even with the required masking of the low-energy neutron flux. 
Pre l iminary est imates made for a 1/4-in. pin having a fuel diameter of 
0.22 in., and a 25% Pu02-75% UO2 composition in an off-center thimble 
indicate that the specific peak-power generation rate obtainable with a 
flux filter var ies from 12 kw/ft at 20% "^U enrichment to about 20 kW/ft 
at 90% ^'^U enrichment. Estimated average power ratios among pins in a 
seven-pin cluster in this off-center core position run from 0.9 to 1.15 times 
average peak power for the optimum cluster orientation, and from 0.86 to 
1.20 t imes average peak power for the most unfavorable orientation. These 
could be balanced by varying the enrichment among pins. Information is not 
available on variation within a pin, but it should not be more than about 
3% with the flux filter. 

A loop of the TREAT Mark-I type could be developed to fit in a 
3-in.-square hole. Fur ther investigation might show that some of our tests 
on seven-pin clusters could be conducted in this loop. Facilities exist such 
that test assembly and disassembly examinations can be conducted. 

Pre l iminary investigations indicate the GETR will need extensive 
revisions to accommodate a sodium-cooled loop of the power and pressure 
rating and size required by the program. • 

5. Materials Testing Reactor (MTR) 

The MTR is owned by the AEC and operated by the Idaho Nuclear 
Corporation. The reactor has been used for testing and research since 1952 
and is not presently available. It has many positions for neutron irradiation 
but no in-core facilities. The core is only 2 ft high. At 40 MWt, the maxi
mum flux in the core is 4.8 x lO'* nv thermal and 5.3 x lO'* nv fast. In the 
present reflector positions, the thermal flux is 3 x lO'^ nv, but the fast flux 
is only 5 x lO'^ nv. 

The existing test holes in the reflector are too small (2 in.) and have 
a maximum fast flux of only 5 x lO'^ nv. To produce the flux necessary for 
our tes t s , one or several fuel elements (each about 3 in. square) will have 
to be moved from the center of the core to reflector positions. Then, a 
fast flux of perhaps 5 x lO'* nv could be attained in the test facility, and 
either a concentric loop or a hairpin loop installed. Perhaps the Mark-I 
and Mark-II TREAT loops can be modified for this service. The control-
rod drive mechanism is at the top of the reactor, and any loop installation 
wHll Viavp to be desiffned around it. 
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The MTR is an attractive facility from the standpoint of scheduling 
and availability. However, the economic burden of operating ^^e reac tor 
solely for the FEFP program may prove to be too great. In addition, the 
c ^ r e l u i have to be modified to provide both the flux and the large r e sea rch 
hole needed for our tes ts . Some meltdown feasibility calculations and 
sodium/water hazards analyses have already been made. However the 
cost of using and altering this reactor is too high. The MTR should only 
be considered further if no other reactor is suitable, 

6, Transient Reactor Test (TREAT) 

The TREAT facility represents the class of t ransient test reac tors 
that could be considered for fuel-element failure-propagation t e s t s . 
Other transient reactors are not suited for installing a sodium loop. The 
Power Burst Facility (PBF) is being built, and startup is expected in 1970, 
If available, the large central test thimble in the PBF could be used for 
some of these tes ts . 

The TREAT facility is owned by the AEC and has been operated by 
Argonne National Laboratory since 1959, It has a 4-ft core, a maximum 
thermal flux of 20 x lO'^ nv, and transient reactor power of 1000 MW, 
A central 4-in.-square test hole is normally used in the core, but additional 
fuel elements can be removed for larger test equipment. 

The TREAT Mark-I and -II loops have been used successfully in this 
facility as a part of the Fuel Meltdown Program. In addition, a large 
recirculating sodium loop, in which low-pressure failure tes ts could be 
run, is completed and operational. It may be necessary to increase the 
thickness of the pressure tube wall to obtain the same rating as the Mark-II 
loop. 

Tests in the Fuel Meltdown Program have demonstrated that TREAT 
can provide adequate fluxes for uniform or distributed fission ra t e s . Suit
able combinations of flux filters, absorbers , and enrichment variations 
were used in these tes ts . When the reactor power is 2000 MW and the 
automatic control system is installed, full power densities in the samples 
for several seconds may be realized. Running failure propagation tes ts 
in this short a time does not seem possible. 
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